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ABSTRACT
Spectral Analysis of Hybrid Bermudagrass Placed Under 
Various Combinations of Nitrogen and 
Water Availability
by
Malika Baghzouz
Dr. Dale Devitt, Examination Committee Chair 
Professor of Soil and Water Science 
University of Nevada, Reno
Managing turfgrass for acceptable quality (density and color) on golfcourses 
requires improved nitrogen and irrigation management practices to decrease the excessive 
amounts of these two factors being lost to the environment through inadequate 
application rates. Remote sensing technology that uses a movable ground-based system 
has promise for rapid, accurate and objective evaluation of turfgrass quality for 
instantaneous nitrogen and water application correction. Such a test has been made on 
hybrid bermudagrass ‘Tifway’ [Cynodon dactylon (L.) Pers. x C. transvaalensis Burtt- 
Davy] through a 2-year field study at the Center for Urban Water Conservation in the city 
of North Las Vegas. Ten combinations of water and nitrogen treatments including cyclic 
and steady conditions were imposed on twenty experimental plots, with two replications 
per treatment. Treatments consisted of five N treatments; High Steady Nitrogen (HSN), 
Low Steady Nitrogen (LSN), High Pulse Nitrogen (HPN), Low Pulse Nitrogen (LPN), 
High Incremental Nitrogen (HIN), Low Incremental Nitrogen (LIN); and three water
111
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treatments based on leaching fractions: Low Leaching Fraction (LLF = -0.15), High 
Leaching Fraction (HLF = +0.15), Low to High Leaching Fraction (LHLF ranging from - 
0.25 to + 0.25) all combined with N treatments in ten different combinations. Canopy 
spectral reflectance measurements were acquired on a biweekly basis, between 400 and 
1100 nm, using a portable spectroradiometer mounted on a movable cart.
Weekly N fertilization rates and irrigation regimes (based on LF) and their 
interaction (N x LF) had a significant effect on most of the spectral variables (individual 
wavelengths, vegetation indices and first derivative parameters) and biological variables 
(soil and plant parameters) according to Analysis of variance (ANOVA). Canopy 
reflectance was shown to be effective in discriminating between N and LF treatment 
combinations on a weekly basis and over the entire experimental period at specific 
wavelengths in the VIS green (450, 504, 550 and 555 nm), VIS red (660, 680 and 700 
nm) and NIR (790, 902 and 970 nm).
Treatments effects on spectral reflectance and on plant and soil variables varied in 
the significance over time as shown by ANOVA and regression analysis. A wide set of 
significant linear and curvilinear correlations between selected single wavelengths or 
vegetation indices and plant and soil variables on a weekly basis, under steady state 
conditions and under the entire 2 year data set provided by multiple linear regression 
analysis. Canopy reflectance at 680 nm, SI2 and NDVI3 were highly predicted from the 
same plant variables under the steady state conditions and when all the treatment 
combinations were included as shown by backward stepwise regression analysis. High 
correlations between the Normalized Difference Vegetation Index (NDVI3) and canopy 
color rating (r^ = 0.64***), Nitrogen Content index (NC4) and chlorophyll index (r2 =
IV
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0.64***), and between the stress index (SI2) and chlorophyll index (r^ = 0.64***), were 
found for the entire data set over the 2 year period. WBI2 was also correlated with
canopy color rating (r^ = 0.44***) and chlorophyll index (r2 = 0.55***).
Even though, no single waveband or single index was able to assess the N or 
water status of bermudagrass separately throughout the entire experimental period, 
canopy reflectance at 700 nm showed an exclusive correlation with the chlorophyll index 
(r  ̂= 0.68***) and chlorophyll concentration (r  ̂= 0.45*** n = 30). Nitrogen content 
index (NC4) could account for greater amount of variability than other indices in total 
tissue nitrogen concentration (r  ̂= 0.44*** n = 169). While Normalized difference 
vegetation index (NDVI3) was a good predictor of bermudagrass tissue moisture content 
as well as nitrogen status. Water band index (WBI2) significantly correlated with canopy 
temperature (Tc) (r  ̂=0.56***) and tissue moisture content (r  ̂= 0.76***) when single 
day measurements were evaluated. Reflectance at 680 nm, NDVI3, WBI2 showed a 
threshold relationship with canopy color rating over the entire 2 year experimental period 
(r  ̂= 0.52***, r  ̂= 0.65*** and r  ̂= 0.44***, respectively). While, reflectance at 700 nm 
showed a good threshold relationship with canopy color ratings under steady state 
conditions (r  ̂= 0.53***), but not under the entire data set.
Our results showed that both VIS and NIR regions of the spectrum are valuable 
in estimating bermudagrass N and water status when applied under various combinations 
over an extended period of time. First derivative measurements were poorly correlated to 
plant and soil variables, and measurements did not improve any of the coirelations or 
prediction models. The chlorophyll meter (CM 1000) proved to be a powerful tool that 
can be used under field conditions to detect variations in chlorophyll and nitrogen status
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of turfgrass under various combinations of N and LF treatments. The results of this study 
thus show great promise in using a ground based spectroradiometer as a rapid, non- 
invasive and reliable tool that can improve N and irrigation management on turfgrass.
VI
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CHAPTER I 
INTRODUCTION
Water agencies in the southwestern U.S. are implementing programs to decrease 
the amount of water being lost on urban landscapes. Water cost has become a major 
concern for many golfcourse managers in this region of the U.S., resulting in a call for 
more efficient management practices. Nitrogen (N) fertilization and irrigation are the two 
most important factors affecting turfgrass quality (density and color) on golfcourses. 
Nitrogen and irrigation management practices need to be adjusted, to decrease the 
excessive losses of nitrogen and water associated with improper application rates. 
Monitoring of turfgrass nitrogen and water status has historically been based on visual 
rating and destructive sampling. A promising alternative is the use of remotely sensed 
measurements as a quick, reliable and non-destructive tool that integrates the plant 
response to fertilization and/or irrigation.
Remote sensing technology (aircraft-based and satellite-based systems) is 
currently being used as a management tool in precision agriculture. However, there is a 
need for a ground-based remote sensing system to provide quick and accurate 
assessments of plant nitrogen and water status. Quantitative estimations of plant 
biochemical and biophysical variables can be achieved by the measurement of reflected 
radiation from plant leaves and canopies (Carter, 1994; Penuelas et al. 1994). The pattern 
and the intensity o f plant canopy reflected radiation, especially in the visible (VIS) and
1
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near infrared (MR), depend mainly on the biochemical content of the plant (Fernandez et 
al. 1994; Gamon and Surfus, 1999; Thenkabail etal. 2000). Early work by Gupta and 
Wooley (1971) (in Trenholm et al. 1999a) found that increased reflectance in the M R 
region of the spectrum is caused by anatomical cellular properties, specifically 
intracellular light scattering due to cellular air-water interfaces within mesophyll cells. 
Blackmer et al. (1994) found that reflected light in specific wavebands in the VIS could 
be used to detect N deficiencies because N stress reduces chlorophyll content, and as a 
result modifies reflectance in the visible area of the spectrum.
Based on the proposition that the amount of reflectance in the VIS and NIR of 
monitored plants is a function of biochemical and biophysical variables, vegetation 
indices have been proposed based on contrasting individual reflectance bands. A better 
understanding of the spectral characteristics of plants will provide greater insight on the 
plant’s overall health status. Vegetation indices based on remote sensing have been 
acquired with ground, airborne and satellite systems (Pefiuelas and Filella, 1998). 
Recently, narrow- band indices were shown to be more accurate than broadband indices 
in terms of correlating with plant biochemical data, because small physiological changes 
are mostly detectable at specific wavelengths (Pefiuelas et al. 1994). These indices can 
contrast reflectance from the same range (linear indices), or from two different ranges 
mainly the VIS and M R (non linear indices) via different mathematical formulae. 
Normalized difference vegetation index (NDVI), simple ratio (SR) and water band index 
(WBI) have been widely used by remote sensing scientists to quantify green biomass, 
health status and water content, respectively (Pefiuelas ef a/. 1994; Gamon eta/. 1995; 
Ma et al. 2001; Sims and Gamon, 2003).
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Spectral reflectance between 680 nm and 780 nm defined as the red edge 
spectrum has been used to assess chlorophyll concentration, nitrogen and water stress ( 
Horler et al. 1983; Filella and Penuelas, 1994). Flowers et al. (2001) found that 
reflectance measurements in the M R  region are useful in early nitrogen stress detection 
on wheat. Whereas, the M R  bands at 900 and 970 nm bands have been found to be 
sensitive to crop moisture conditions and were used for early water stress detection 
(Penuelas et al. 1996; Penuelas et al. 1997c). Therefore, the relative change in the 
reflected light energy from the plant canopy could be used as a key link between the 
various combinations of stress. However, little is known regarding the interactive effects 
of water and nitrogen stress, because both factors could affect various physiological and 
biochemical aspects of plants such as growth, green vegetation, plant dry matter, relative 
water content and chlorophyll concentration.
Few remote sensing studies have been conducted on turfgrass to assess nutrient 
stress (Stone et al. 1997; Rodriguez and Miller, 2000), irrigation stress (Fenstermaker- 
Shaulis et al. 1997), or compaction stress (Trenholm et al. 1999b; Jiang et al. 2003). 
Even, fewer studies have attempted to investigate simple combinations of nitrogen or 
water stress on crops (Fernandez et al. 1994; Blackmer et al. 1996b; Pefiuelas et al.
1994). Effects of the complicated interactions between nitrogen stress and water stress 
(based on leaching fractions; LF s) on turfgrass have never been reported in the literature 
before. Since reflectance of plant canopies regarding nitrogen and water stress differs in 
the VIS and M R  wavelengths, there is potential for using reflectance measurements at 
different wavelengths within the entire spectral range to distinguish between them. 
However, given the complexity of this interaction in plants, especially, when these two
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factors are applied inconsistently, it remains questionable whether reflectance data will be 
able to discriminate between these two variables and determine to which extent their 
combination can be evaluated. Under golfcourse conditions, various amounts of nitrogen 
and water are applied to the turfgrass over time. The impact that variable inputs of N and 
water have on the spectral response of turfgrass, has to be tested to justify the utilization 
of ground based remote sensing technology as an alternative management tool on 
golfcourses.
This research was conducted on over-seeded hybrid bermudagrass ‘Tifway’ 
[Cynodon dactylon (L.) Pers x C  transvaalensis Burtt-Davy] under field conditions over 
a 2-year period. We incorporated combinations o f N and water treatments representative 
of golfcourse conditions. The objectives of this study were:
1. Explore the validity o f using spectral reflectance measurements from plant 
canopies as a rapid and accurate way to assess and predict nitrogen and water 
status in hybrid bermudagrass when placed under various combinations of these 
two treatments.
2. To determine the relationship between spectral reflectance at specific 
wavelengths with water and nitrogen content in bermudagrass, and to ascertain if 
nitrogen-water discrimination is possible based on canopy reflectance 
measurements.
3. Establish correlation coefficients between the spectral reflectance 
measurements and plant and soil parameters and determine whether some of these 
parameters could be predicted from single wavelengths or vegetation indices.
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CHAPTER II
LITERATURE REVIEW 
Remote Sensing and Precision Agriculture 
The concept of precision agriculture, also known as site specific crop 
management, uses information technologies acquired from global positioning systems 
(GPS), geographical information systems (GIS) and remote sensing. The aim behind 
precision agriculture is to increase productivity while decreasing production costs and 
minimizing environmental impacts (Barnes et al. 1996).
Remote sensing is a non-destructive method that can be used to detect the 
reflected energy from an object without direct contact. The history of remote sensing is a 
relatively short one. Digital image scanners and cameras on satellites and airplanes have 
even a shorter history spanning a little over 2 decades. However, it was the development 
of these digital devices that had the most profound impact on accuracy assessment for all 
remotely sensed data (Congalton and Green, 1999). Remote sensing technologies have 
been used to collect reflectance measurements using broadband spectra collected from 
aircrafts and satellites. Both systems have the ability to provide images and data with 
spatial and spectral resolution. These techniques have been largely applied in precision 
agriculture, in which crop management is performed on small units, on a local basis, 
rather than field wide. This requires the ability to detect and identify spatial distribution
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of crop stress in precise locations within a field in a way that allows management 
decisions to vary in those diverse locations (Thirkawala, 1999). In this way, local 
treatment (fertilization, irrigation, herbicides, seeds, etc) may be applied in the precise 
location and quantity, based on the spectral data output. This approach can generate 
maximum economic yield with minimum cost. Spectral imagery combined with soil 
maps obtained fi"om aircraft based systems have been used in precision management for 
assessing spatial variability in crops which enables farmers to obtain detailed spatial 
information about their crops and soil characteristics.
Spectral Reflectance for Plant Stress Detection 
Spectral data fi'om remote sensing systems (satellites, aircrafts and ground based) 
are usually analyzed based on the absorption / reflectance or fluorescence features of 
monitored plants or canopies. The fluorescence technique is best suited for chlorophyll 
characterization in the blue, red and far-red fluorescence spectrum (Gitelson et al. 1999). 
However, reflectance measurements have been used for over 30 years in agricultural 
management for quantifying biochemical content and assessing the health status of 
plants, especially under stress conditions. All growing plants reflect very little light 
energy in the red region due to high absorption features of chlorophyll pigments, but 
reflect high amount of near infrared (NIR) light due to internal leaf structure 
characteristics. The visible (mainly the red) and the NIR portions of the spectrum have 
been known to be extremely usefiil in plant monitoring. The amount of reflected 
radiometric energy from plants is a function of the amount of their tissue biochemical 
contents. Good correlations between spectral reflectance and many plant biochemical and
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physiological variables such as plant dry biomass, chlorophyll content, nitrogen content, 
water content and leaf area index have already been established (Carter and Miller, 1994; 
Penuelas et al. 1994; Yoder and Pettigrew-Crosby, 1995; Blackmer and Schepers. 1996; 
Blackmer et al. 1996; Carter et al. 1996; Johnson and Bellow, 1996; Ma et al. 1996, 
Penuelas and Filella, 1998). Hence, variation in spectral reflectance has been related to 
specific changes in vegetation characteristics and growth due to several stress agents such 
as water deficiency (Moran et al, 1994; Kenna, 1995), nutrient deficiency (Carter, 1994), 
diseases (Jones et al. 1992; Penuelas et al. 1995) and herbicidal damage (Brown and 
Steckler, 1995).
Interpretation of Spectral Measurements 
When white light fi'om the sun strikes soil or plant surfaces, it is reflected in the 
form of radiations having characteristics of intensity and spectral range. In agricultural 
remote sensing, this spectral radiance is commonly measured in many sensor-based 
systems in the visible, near infrared and thermal infrared to quantify and compare plant 
biochemical content under healthy and stressful conditions. Green plants absorb most of 
the red light and most of near infi-ared light is reflected. It was found that in stressed 
plants, this reflectance decreases in the NIR region of the spectrum and increases in the 
VIS part. This spectral response is similar among all plants species. Given that these 
important features can be altered under stress conditions, it has been reported that 
reflectance spectroscopy in the visible range of the spectrum (specifically, at 550 nm and 
675 nm) is highly indicative of chlorophyll a content and nitrogen status of various 
growing plants (Schepers et al. 1996; Buschmann et al. 2000). The NIR region of the
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spectrum has also been correlated with plant variables including percent cover, growth 
andN availability (Rodi iguez and Miller, 2000; Osborne et al. 2002b). However, the 
thermal part of the spectrum has been exclusively used for detecting water stress (Carter, 
1993).
Spectral Vegetation Indices
Collected canopy spectra are continuously influenced by atmospheric conditions, 
illumination sources, instrument field of view, instrument scanning time, and temporal 
variability of plant characteristics (Demetriades-Shah et al. 1990, Gamon et al. 1995; 
Blackmer and Schepers, 1996; Penuelas and Filella, 1998). To better interpret, 
understand and enhance the significance of spectral plant reflectance signal, several 
vegetation indices have been developed based on simple mathematical formula of 
reflectance at two or more wavelengths in the VIS and /or NIR region of the spectrum 
(Penuelas et al. 1994; Gamon and Surfus, 1999; Adams et al. 1999; Aparicio et al. 2000; 
Richardson et al. 2001).
Two common vegetation indices, widely used in plant remote sensing are: 1) 
simple ratio (SR) (also known as vegetation index (VI)) calculated as: SR = NIR / Red, 
and 2) normalized difference vegetation index (NDVI), calculated as: NDVI = (NIR -  
Red) / (NIR + Red). Both indices are based on chlorophyll absorption in the red region of 
the spectrum. NDVI is mainly related to greenness and thus to plant health status. Gupta 
(1993) found that NDVI had a linear correlation with crop growth over plant covers of 15 
to 80 %. Whereas, SR provided higher correlation with early and late stages of growth.
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Both broadband and narrowband spectra from satellites, aircrafts and ground 
based systems were used to calculate NDVI (Gamon et al. 1995; Plant et al. 2000, 
Trenholm et al. 1999a, 2000). Thenkabail et al. (2000) stated that narrow spectral bands 
provide better correlation than broad bands. Numerous versions of NDVI have been 
tested and used for different crops. Lawrence and Ripple (1998), found that SR and 
NDVI showed greater accuracy than five other vegetation indices when tested to predict 
vegetation cover. NDVI was also found to be sensitive to medium and high chlorophyll 
concentration (Bauschmann and Nagel, 1993). Gitelson et al (1996) developed “green 
NDVI” defined as NDVI = (NIR -  G) / (NIR + G) referring to wavelengths near 550 nm 
region (correlated with chlorophyll a) instead of the red region of the spectrum. They 
found that this version of NDVI was sensitive to a wide range of chlorophyll 
concentration than the original NDVI. Fenstermaker-Shaulis et al. (1997) investigated the 
use of NDVI as a site- specific tool for management practices for irrigated tall fescue. 
NDVI was also used in mapping creeping bentgrass nitrogen status over different areas 
with variable N applications (Bell et al. 2002a).
Many other vegetation indices have been developed based on different 
combinations of the VIS and/ or the NIR bands to assess various crop parameters. 
Normalized pigment chlorophyll index (NPCI = (R680 -  R430) / (R680 + R430)) and 
pigment simple ratio (PSR = R680 / R430) were used to classify different crops based on 
the assessment of their nutrient status (Filella et al. 1995). Peftuelas et al. (1994) used 
another version of NPC and another ratio; physiological reflectance ratio (PSI = (R550 -  
R531) / (R550 + R531)) to assess physiological changes in nitrogen limited sunflowers. 
Gamon et al. (1997) used the photochemical reflectance index (PRI) to estimate short­
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term variations in photosynthetic activity by optically measuring the xanthophyll cycle. 
Penuelas et al. (1994) used the water band index (WBI = R790 / R902) to assess the 
water status of sunflower leaves. Most of the reported relations between vegetation 
indices and plant biochemical parameters were obtained under controlled conditions of 
viewing angle. However, vegetation indices were found to be sensitive to the viewing 
geometry. Asrar et al. (1992) found that the linear relationship between NDVI and plant 
growth varies by 10-15% over a range of solar zenith angle and plant canopy geometry.
Derivative Spectral Reflectance
Narrow band spectra showed more efficiency than broadband spectra in 
accurately detecting physiological changes at specific wavelengths, which makes the 
utilization of spectral indices more efficient. Narrow spectral bands also allow derivative 
analysis that decreases noise effects on the spectral signals and minimize variation related 
to soil reflectance background and illumination conditions (Filella and Penuelas, 1994; 
Blackburn, 1998). Derivate spectra also allow remove the spectral effects of leaf structure 
(Danson et al. 1992) and resolve overlapping spectra (Demetriades-Shah et al. 1990).
Many derivative types have been reported in the literature. First derivatives have 
been used to minimize the spectral effects of leaf structure, soil background and resolve 
overlapping spectra (Buschman and Nagel, 1993; Filella and Penuelas, 1994; Filella et 
al. 1995, Adams et ût/. 1999). Derivative reflectance in the NIR (water absorption 
features) has been shown to minimize the effects of leaf structure on the absorption 
features of water (Danson et al. 1992). The Red edge (Lre) defined as the maximum 
slope of spectral reflectance transition between the red (strong chlorophyll absorption
10
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band) around 680 nm and reflected radiations in the NIR around 780 nm, was used as a 
good indicator of chlorophyll content at the leaf and canopy level (Filella and Penuelas, 
1994; Penuelas and Filella, 1998). Rapid change in leaf reflectance at the red edge was 
found useful in early stress detection. Filella and Penuelas (1994) stated that slight shift 
of the red edge position toward the visible is and indication of a decrease in chlorophyll 
content. Whereas, the shift toward the longer wavelengths (NIR) accompanied with an 
increase in NIR reflectance is an indication of the increase in leaf chlorophyll content.
Use of Spectral Reflectance for Nitrogen Detection 
Remote sensing has been used to assist nitrogen management in agriculture for 
many years. Reflectance spectroscopy has been shown to accurately estimate tissue 
nitrogen concentration in various crops (Plummer, 1988; Blackmer et al. 1994; Joel et al. 
1997; Rodriguez and Miller, 2000). Assessing N crop status requires development of a 
direct relationship between spectral data at specific wavelengths and leaf N status or an 
indirect relationship between spectral data and plant chlorophyll status. Many studies 
have shown a close correlation between chlorophyll content of plants and N availability 
(Blackmer et al. 1994; Filella and Peftuelas, 1994). Plants under N deficiency will have 
decreased photosynthetic activity and chlorophyll content which will affect other 
physiological variables and hence the overall spectral signal from the plant. These 
alterations could be optically detected in the red portion of the spectrum (increase in red 
reflectance) and the NIR (decrease in near infrared reflectance). Thus, reflectance 
measurements assessing chlorophyll could also be used to indirectly characterize the N 
status. Early work conducted by Thomas and Oertherin (1972), used spectral reflectance
11
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to estimate theN  status of sweet peppers (Capsicum annuum L. cv. Yolo Wonder). They 
found that leaf reflectance at 550 and 675 nm could be used as a good indicator of leaf N 
content. On the other hand, green reflectance peak at 550 nm and red reflectance at 700 
nm were found to be strongly correlated to chlorophyll a concentration (Yoder and 
Waring, 1995; Schepers et a l, 1996). However, reflectance sensitivity was found to be 
higher at 550 nm for medium to high chlorophyll concentration, whereas for low 
concentrations, reflectance sensitivity was higher at 675 nm. Recently, Carter and Knapp 
(2001) stated that reflectance near 700 nm was highly sensitive to the overall chlorophyll 
concentration. Blackmer et al. (1994) studied the effect of different nitrogen treatments 
on the spectral reflectance of com leaves in the 400 to 700 nm region. They found that 
reflectance measurement near 550 nm could be used to detect N deficiencies in com 
leaves and thus predict gain yield. In another study, Blackmer et al. (1996) measured 
reflectance from com canopies. They noted that reflectance measurements at 550 nm and 
710 nm were highly correlated with various N treatments.
The NIR spectral region has also been used for predicting N deficiency in many 
crops. Gopala Pillai et al. (1998) studied the feasibility of using digital aerial imagery to 
detect nitrogen stress from reflected com canopies in the infrared channel. Correlation 
between canopy reflectance and applied nitrogen amounts was established. Spectral 
bands between 780 nm and 810 nm were found to be particularly sensitive to the 
presence of amino acids (R-NH2), which are the building blocks of proteins (stone et al. 
1997). Gitelson et al. (1996) found good correlation between near infrared range of the 
spectram (700-750 nm) and total leaf chlorophyll content of different tree species.
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In addition to single wavelength, many vegetation indices have been developed to 
assess nitrogen status. Broadband vegetation indices acquired from various crops were 
well correlated to N status (Fernandez et al. 1994; Stone et al. 1997; Vouillot et al. 1998). 
Studies by other researchers proposed hyperspectral indices for direct N variable 
estimation (Blackmer and Schepers, 1996; Sembiring et al. 1998). Yoder and Pettigrew- 
Cosby (1995) found that nitrogen concentration was highly correlated with log 
transformation of reflectance [log (1/reflectance)] located at the following bands: 530- 
540 nm, 650, 690, 720-800, 1200, 2070-2210 nm. In nitrogen studies on wheat. Stone et 
al. (1996) reported that NDVI calculated at 660 nm and 780 nm was highly correlated 
with N uptake.
Use of Spectral Reflectance for Water Stress Detection 
Many studies have previously demonstrated the relationship between leaf water 
content and spectral reflectance. Carter (1993) studied the effects of water content on leaf 
reflectance and found that spectral reflectance centered at 1450, 1490 and 2500 nm bands 
showed the greatest sensitivity to water content. Absorption by water was found to be 
very strong in the thermal region of the spectrum, so the infrared bands were considered 
inadequate for measuring the water concentration of whole plants or canopies. However, 
water absorption features were found to dominate spectral reflectance in the NIR region 
of the spectrum. Penuelas et al. (1997c) identified a water absorption band (reflectance 
trough) in the near infrared region (950-970 nm) to be effective in the estimation of total 
plant or canopy moisture content. When plants are water stressed, the 970 nm trough 
tended to disappear and shift toward shorter wavelengths (Penuelas and Filella, 1998).
13
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Sims and Gamon (2003) tested two field portable spectrophotometers and identified three 
wavelength regions (950 -  970,1150 -  1260 and 1520 -  1540 nm) that produced better 
correlations with water content from canopies of 23 plant species.
Plant Water content was also related to vegetation indices based on the 
combination of two spectral bands in the NIR or far NIR of the spectrum. Gao ( 1996) 
proposed a water index similar to NDVI: NDWI (Normalized difference water index): 
NDWI = (R865 -  R1204) / (R865 + R1204) and showed its potential applicability for 
canopy water content estimation. Works of Penuelas and Filella focused on the 
application of spectral vegetation indices calculated from a water absorption band at 970 
nm and a reference band around 900 nm. High correlations between the water band index 
(WBI) [WBI = R 900 / R970 (Penuelas et al. 1993; Penuelas et al. 1997c), WBI = R970 / 
R902 (Penuelas et al. 1994), WBI = R970 / R900 (Filella and Penuelas. 1994; Penuelas et 
al. 1996)] and water content in several species were determined.
14
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CHAPTER m
MATERIAL & METHODS 
Field Site and Experimental Design 
A field study was carried out at the University o f Nevada’s Center for Urban 
Water Conservation experimental site, located in the city of North Las Vegas; from 
October 2001 to October 2002 and from January 2003 to June 2003. The soil at this site 
was classified as Las Vegas loam (loamy, carbonatic, thermic, shallow typic petrocalcid). 
The field was composed of twenty plots, 6 .1 x 6 .1 m each with 7.9 m spacing buffers. The 
buffers provided fetch and were used to minimize irrigation runoff. The research plots 
were bordered by additional buffer areas of an approximate 8 m (Figure 1). Each plot 
contained a central non-weighing water balance lysimeter (0.61m diameter and 1.2 m 
deep) to estimate évapotranspiration and to impose the desired leaching fraction: (LF = 
drainage volume / irrigation volume). Hybrid bermudagrass [Cynodon dactylon (L.) Pers 
X C. transvaalensis Burtt-Davy] ‘Tifway’ was established two years prior to the study 
and overseeded with annual ryegrass (Lolium multiflorum Lam.) in October of each year 
during the experiment. Bermudagrass plots were mowed at a 2.5 cm height once a week 
using a reel mower.
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Irrigation was provided via a solid set irrigation system consisting of separated 
pvc laterals connecting four equally spaced sprinklers (Toro 300 series) placed on the 
comers of each plot. A pressure regulator was situated on the main lateral of each plot 
and adjusted to a constant operating pressure between 45 and 50 psi to obtain maximum 
uniformity. A master valve on each plot was wired to a central irrigation clock for 
irrigation delivery. Neutron probe access tubes were installed in the center of each 
lysimeter to allow neutron probe instantaneous soil moisture estimations. Probe readings 
were taken using a nuclear neutron moisture probe (Troxler 3300 Model. Electronic 
Laboratories, NC) and a calibration equation to predict soil volumetric water contents. 
Each access tube was covered with a rubber stopper to keep water and debris out.
Neutron probe measurements were made by lowering the probe into the access tube and 
taking readings at the 20,40, 60 and 80 cm depths. Two counts were made at each 
selected depth and the average value was inserted into the calibration equation. Estimated 
soil water contents were included in the water balance program to predict soil water in 
storage and close the water balance equation. Closure of the water balance program 
enabled weekly irrigation volumes to be predicted. Plastic cups were used as catch cans 
to measure applied irrigation volumes on each lysimeter. Irrigations were applied 5 days 
per week during morning hours.
Hourly and daily solar radiation, maximum, minimum and mean temperatures, 
relative humidity, wind speed, wind direction and rainfall were acquired from an 
automated weather station (Model 012, Campbell Scientific, Logan, UT) located at the 
center of the experimental site. Hourly and daily meteorological variables were input into 
the Penman combination equation to estimate potential évapotranspiration (ETo).
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Bermudagrass was subjected to an incomplete factorial experimental design of varying 
nitrogen and water treatments consisting of three leaching fraction regimes and six levels 
of ammonium nitrate (NH4NO3) applications under steady and cyclic conditions. All 
treatments were crossed in ten combinations. Each combination was replicated two times.
Nitrogen and Water Treatments
Six nitrogen treatments high and low were applied as: High Pulse Nitrogen 
(HPN), High Steady Nitrogen (HSN), High Incremental Nitrogen (HIN), Low Pulse 
nitrogen (LPN), Low Steady Nitrogen (LSN) and Low Incremental Nitrogen (LIN). 
Nitrogen amounts were consistent over time. However irrigation applications were based 
on the weekly imposed leaching fraction (LF) according to the equation: I -  ET»/ (1 -  
LF), where I is the irrigation volume, ET& is the actual évapotranspiration; ET» = 
(Irrigation (I) + Precipitation (P) -  Drainage (D) -  change in Storage (AS)). Leaching 
fractions of 0.15 or -  0.15 were imposed on a continuous basis, whereas, cyclic LF’s 
varying from -  0.25 to 0.25, were imposed on selected plots throughout the experiment. 
At the beginning of the second year, the amount of storage in all lysimeters was 
reestablished to its initial value and the same protocol of irrigation and N treatments were 
reimposed.
Nitrogen rates and water regimes referred as High Leaching Fraction (HLF), Low 
to High Leaching Fraction (LHLF) and Low Leaching Fraction (LLF) are reported in 
Table 1. Treatment combinations were applied to the plots on a weekly basis with all 
combinations repeated over a six week cyclic period throughout the experiment.
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Agronomie Measurements
Soil-plant-water measurements were acquired at approximately the same time as 
spectral measurements to establish correlations. Turfgrass quality (color and cover 
ratings) was visually monitored on all plots and lysimeters. The visual rating of 
bermudagrass canopies was based on a 1 to 10 visual rating scale with a rating of 1 
equaling dead turfgrass, and a rating of 10 equaling dark green turfgrass. Canopy 
temperature data were collected at solar noon (11; 30 to 13: 30) using an infrared 
thermometer (Everest Interscience, Tustin, CA). The infrared thermometer provided an 
instantaneous temperature estimate of the plant canopy on each lysimeter, measuring long 
wave infrared radiation. The difference between canopy temperature and ambient 
temperature (Tc -  Ta) was calculated.
A Minolta SPAD chlorophyll meter was used to estimate chlorophyll content of 
individual leaves. Measurements were made on the lamina of the most recently fully 
expanded leaves. Three representative leaves were selected from each lysimeter and 
measured. The average value was calculated and recorded. At the same time, chlorophyll 
content was estimated at the canopy level using a portable CM 1000 chlorophyll meter 
(Spectrum technologies, Inc). High-powered lasers outlined the edges of the measured 
11.43 cm diameter sample area of the canopy at a height of 1.22 m. The chlorophyll 
meter instantly estimated canopy reflectance at 700 nm and 840 nm in a ratio of 840/700 
nm and displayed it as a relative chlorophyll index value. All measurements were taken at 
solar noon under bright conditions. Four readings were taken from different spots on each 
lysimeter and the average value was calculated by the instrument.
18
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Leaf xylem water potential (xj/m) was measured with a Scholander Pressure 
chamber (Model 3005, soil moisture, Santa Barbara, CA) at solar noon on selected leaves 
from each lysimeter to assess water stress. Tissue moisture content (g H2O kg'^ fresh 
tissue) was estimated from tissue harvested from each plot (one pass of the mower). 
Bermudagrass samples were collected in pre-weighed and labeled plastic cups and 
transported to the lab where they were immediately weighed to estimate the initial total 
fresh weight. Sanples were then oven dried at 70°C for 48 hr to achieve a constant dry 
mass. Water content expressed as total tissue moisture was calculated based on the 
following formula:
TM (%) = [(FM -  DM) / FM)xlOO]
Where TM = Tissue moisture content, FM = Fresh mass of tissue, and DM = Dry mass of 
tissue.
Dry biomass was derived from the relationship between FM and TM:
Dry Biomass (g) = (100% -  TM%) x FM
100
Nitrogen and Chlorophvll 
Laboratory analyses included total tissue nitrogen concentration and chlorophyll a 
+ b concentration. Sub samples o f  grass clippings harvested from each lysimeter were 
rinsed, dried and ground prior to laboratory analysis. Total tissue nitrogen (%) was 
determined using a Total Kjeldahl Nitrogen (TKN) procedure with sulfuric acid and 
digestion catalyst, followed by distillation and titration quantification (Isaac and Johnson,
19
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1976). Some samples were also sent to a commercial lab (A&L Western Agricultural 
Laboratories, Inc. Modesto, CA) to estimate total tissue N using a dry combustion 
technique (Dumas, 1981). Ground samples were weighed and placed in a LEGO 
analyzer, model FP 428 (LEGO Corp., Michigan, U S A). The analyzer output was 
compared to TKN, with no statistical difference observed between the outputs of the two 
techniques (r  ̂> 0.98, P <0.001).
Bermudagrass samples were also collected for chlorophyll analysis. Plant tissue 
was placed in aluminum foil immediately after collection, and placed in resealable plastic 
bags and held in darkness covered with dry ice while being transported to the lab.
Samples were weighed and chlorophyll a and chlorophyll b were extracted using 
ammonium hydroxide (NH4OH) and 80% reagent-grade acetone. Bermudagrass samples 
were ground using a mortar and pestle and reground to extract any remaining chlorophyll 
by using an automatic homogenizer (Model 398, Biospec Products, Inc). Absorbance 
readings at 645 nm and 663 nm were measured using a spectrophotometer (Beckman 
Instruments, DU series 60, Fullerton, G A). Total chlorophyll a + b was calculated using 
the following equations;
Ghlorophyll a (mg/ml) = 12.7 A^es -  2.69 A645 
Ghlorophyll b (mg/ml) = 22.9 A^es -  4.68 A645 
Total chlorophyll (mg/ml) = Ghlorophyll a + Ghlorophyll b
Soil Matric and Surface Water Gontent Measurements 
Tensiometers were inserted to a depth of 30 cm into the soil of each plot to assess 
soil matric potential (Ÿm) on a weekly basis. A theta probe (Dynamax, Houston Texas)
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was used to measure soil volumetric water content in the 0 -5 cm depth. The probe was 
gently pushed into the surface soil until the waveguides had made 100 % soil contact.
The theta probe was read on a biweekly basis.
Spectral Reflectance Measurements 
Multispectral reflectance data were collected at the canopy level within each 
lysimeter on a bimonthly basis, using a narrow-bandwidth portable fiber optic 
spectroradiometer (Model SD 2000.,Ocean Optics ) functioning in the range of 200- 
1100 nm with a sampling interval o f 1 nm and spectral resolution of approximately 5 
nm. The spectroradiometer had two overlapping bands. The first band (green, blue and 
red) covered the visible range wavelengths between 200 nm and 850 nm, while the 
second band (R and NIR) covered the wavelengths between 650 nm and 1100 nm.
The device was mounted on a movable cart equipped with two halogen 50 W 
lamps held in a rectangular box to maintain the same height of the sensor and the same 
field of view (FOV). The tip of the fiber optic cable was used as a fore-optic inserted in a 
74-series Collimating Lens and held in a fixed nadir orientation (pointed perpendicular to 
the canopy area) through a top access hole on the box (Figure 2). The culminator fiber 
optic was placed 40 cm above the ground and fitted with a 24° FOV, so that the viewed 
canopy area on each lysimeter was 0.02 m .̂
Two optical fibers were used to guide the light to the spectroradiometer data 
logger. A OOIBASE 32 spectrometer operating system was used to acquire the data 
every 10 milliseconds and store it every 1 second. All spectral measurements were 
standardized using a white reference panel (100% reflectance, Spectralon, Labsphere
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Inc., N.H., U.S.A) before each measurement. All spectral readings were taken at solar 
noon ± 2h, before mowing. The halogen lights inside the box provided a constant light 
source to illuminate the monitored canopy and the white reference panel. The lamps were 
operated with a rechargeable battery that was replaced after monitoring ten of the twenty 
lysimeters. Light intensity in (W m'^ ) was consistently checked before and after the 
spectral measurements, using a digital light meter (Model LI- 250 Pyranometer, LI-COR 
Inc., Lincoln, NE) to ensure the same lighting conditions.
Due to severe noise and scattering at the beginning and the end of the spectrum 
range, only the 400-1050 nm region was considered as a continuum spectrum with an 
averaged sampling interval o f 1 nm. Three spectral readings per lysimeter were taken and 
then averaged. The field of view of the spectroradiometer was not always covered by 
turfgrass canopy, because in some plots, the canopy was not dense enough due to 
treatment conditions. However, no specific measurements of bare soil were performed.
Single wavebands. Vegetation Indices and First Derivative
Flowers et al. (2003) showed that band combinations in the VIS and NIR regions 
increased the spectral sensitivity to canopy measurements. In fact, this difference in 
sensitivity can be used to increase the information given by specific wavelengths via 
numeric combinations known as vegetation indices. Thirty-eight single wavebands at 
characteristic points in the green (G), red (R) and Near-Infi-ared (NIR) were chosen from 
the reflectance spectra in order to test for potential correlations with plant variables. Five 
specific wavelengths were used as numinators or denominators for different vegetation 
indices;
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550 nm: green minimum chlorophyll absorption (maximum reflectance);
680 nm: red maximum chlorophyll absorption (minimum reflectance);
720 nm: transition between the R and NIR (red edge position);
860 nm: highest peak in the NIR reflectance range;
970 nm: water band trough in the NIR range.
On the other hand, a large number of common vegetation indices from previous 
remote sensing studies were investigated, and several versions of the exiting ratios were 
calculated and tested (Table 2). In particular, four vegetation indices related to the 
biophysical status of plant canopies were calculated using NIR and R wavelengths:
• NDVI -  (NIR -  Red) / (NIR + Red)
Normalized Difference Vegetation Index, related to green vegetation and health (Gamon 
et al. 1995)
• SR = (NIR/Red)
Simple Ratio, related to green vegetation and chlorophyll content (Gamon et al. 1995)
• SI = (R /N IR)
Stress index, related to the amount o f nitrogen and /or water stress (Jiang et al. 2003),
• WBI = (R900 /  R970) or (R970 /  R900) or (R970 /  R902)
Water band index, related to the amount of plant water (Penuelas et al. 1994; Penuelas et 
al. 1996; Penuelas et al. 1997c).
Multivariate statistical analysis was used to determine the relationships between 
derived spectral data and plant biochemical and physiological parameters (see below).
In order to enable more accurate determination of minor variation in the spectral 
responses relative to plant biochemical variables, we calculated the first derivative from
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the same data set used to calculate vegetation indices. All reflectance canopy data were 
reduced to 61 data point by calculating simple averages per 10 nm. Reduced data points 
were divided by 100 and the output was used to calculate the first derivative according to 
the following equation.
dR /dW = (R {i +1) - R (0) / (W (i + 1) - W (/)
Where, i = AW, R = % reflectance, W = wavelength
First derivative outputs were used to locate critical wavelengths and portions of 
the spectral curve known to be sensitive to plant biochemical variables, and check for 
more sensitive locations. In particular. Red edge peak position (X ,re), red edge area ( X ^ r e  
(68o-78o), maximum and minimum chlorophyll absorption wavelength in the VIS portion of 
the spectrum and the position of the water band trough in the NIR were assessed.
Data Analysis
Multivariate statistical analyses including descriptive statistic, linear and multiple 
regression and analysis o f variance (ANOVA) were performed using the statistical 
software package SIGMA STAT version 2.0 (SPSS, Inc 1997). Discrimination between 
weekly N and water treatments and their interaction relative to all the spectral derived 
parameters was investigated using Analysis o f Variance at p = 0.05 (*), p = 0.01 (**) and 
p = 0.001(***) levels of probability. ANOVA was also performed to test the treatment 
effects of nitrogen and leaching fi-actions on reflectance at specific wavelengths and on 
an extended list of plant and soil parameters.
On the other hand, another exhaustive series of multivariate statistical analysis 
was conducted between each plant and soil parameter and all spectral derived data to
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determine if correlations existed. Regression analysis was conducted using every 
reflectance point within each measurement day, and then repeated for only steady state 
conditions and then repeated again for the entire data set over the 2-year experimental 
period. Results were considered to be statistically significant when the P value was < 
0.05. Backward regression analysis was also performed to eliminate non-significant 
wavelengths, and ratios that did not correlate with soil-plant-water variables. Stepwise 
regression analysis was also conducted to determine which soil-plant-water variables 
could account for the greatest amount of variation in reflectance at given wavelengths. 
Results of these analyses were used to further check for linear and non-linear 
relationships.
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CHAPTER IV
RESULTS 
Water Balance
A complete water balance was maintained during the experimental period for 
each lysimeter in all ten LF and N combinations (Table 3). Cumulative weekly irrigation 
amounts during 2002 (n = 38), varied from a low of 44.48 cm for the LSN LLF treatment 
to a high of 91.72 cm for LSN HLF treatment. Cumulative irrigation, ETa and soil water 
in storage for bermudagrass varied according to the imposed leaching fraction and 
treatment combination. Analysis of variance showed that the applied irrigation amounts 
separated based on the imposed LF (0.15, -0.15 and 0), (p <0.001, n = 200) but not on the 
nitrogen amounts applied on a weekly basis (P = 0.054, n = 200). Cumulative ETa values 
were also shown to vary by LF (p <0.001, n = 200) and not by N (p = 0.103, n = 200). 
However, a significant interaction effect between N and LF on soil water in storage 
values was obtained (p <0.001, n = 200) with storage values separating based on LF (p 
<0.001, n = 200) and N (p = 0.004 , n = 200).
During the experimental period of 2002, volumes of soil water in storage 
increased for the HSN HLF treatment as shown in Figure 3. This increase in storage was 
associated with irrigation and ETa values shifting in a similar fashion in the range of 1.5 
to 7.5 cm. High amounts of water in storage correlated with high LF and high nitrogen
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
treatment, suggesting that such plots were not placed under significant water stress. On 
the other hand, depletion in storage was found on the plots subjected to low LF s (LSN 
LLF) resulting in low irrigation (average -  2.10 cm) and low ETa (average ~ 2.34 cm), 
(Figure 4), (See APPENDIX C).
Nitrogen Treatments and Tissue Nitrogen Concentration
Comparison between weekly-applied nitrogen treatments and total tissue nitrogen 
concentration was established for the whole experimental period in 2002 and 2003. A 
clear separation in tissue nitrogen levels was detected between HSN and LSN treatments 
as shown in Figures 5 -7 , (p <0.001, n = 169). However the extent of each separation was 
driven by the combined water treatment (p = 0.025, n = 169). Under LHLF, the 
separation was clearer than under the HLF or LLF treatments.
Under cyclic nitrogen and water treatments (LIN LHLF and HIN LHLF), tissue 
nitrogen concentration followed the same cyclic pattern of applied nitrogen (Figure 8 and 
9). For nitrogen treatments applied every 6 weeks (HPN and LPN), tissue nitrogen 
concentration was higher in the HPN than the LPN treatment. However, the applied 
nitrogen pulse did not lead to a simultaneous rise in tissue nitrogen concentration 
suggesting that there was a response lag between the time nitrogen was applied and the 
time it was accumulated in the plant tissue (Figure 10 and 11). In fact, only in the HPN 
treatment (Figure 10) did tissue nitrogen concentration steadily increase over time.
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Canopy Spectral Reflectance Properties 
Multispecral data were collected bimonthly at midday. Typical spectral curves are 
reported in Figure 12 for July 18, 2002. Spectral curves were similar for all treatments 
(Figure 12), except for the LSN treatment that had a higher contribution of soil 
reflectance. This higher soil reflectance was due to low plant cover over the soil surface 
due to severe water stress conditions. Differences in the reflectance spectra of the 
canopies from the low nitrogen treatments (LSN, LIN and LPN) were associated with 
higher reflectance in the green region (near 550 nm) than those from high nitrogen 
treatments (HSN, HIN and HPN). At the same time, canopies from low N treatments also 
showed low reflectance in the NIR range conpared to high N treatments.
Another important difference in the spectra was that all low nitrogen treatments 
showed low absorption features between 600 and 680 nm, corresponding to the red 
portion of the spectrum. All spectra also showed a water trough around 970 nm, 
corresponding to a weaker water absorption band. This response was more clearly 
observed in steady or cyclic water treatments (HLF and LHLF) when combined with high 
nitrogen treatments, but less obvious in the steady or cyclic water treatments (HLF and 
LHLF) when combined with low nitrogen treatments (Figure 12).
Under low nitrogen treatments, regardless of the combined water treatment, 
spectral curves showed an important feature of the red edge position (region between 680 
nm and 720 nm) shifting towards the visible range of the spectrum due to low nitrogen 
and chlorophyll content. Contrasting HSN-LHLF and LSN-LHLF clearly revealed this 
red edge shift even though the reflectance magnitude in the NIR was the reverse o f what
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we expected; suggesting that other factors beyond the applied treatments and the 
measured plant biochemical content might be involved.
First Derivative Canopv Spectral Reflectance Properties
The first derivative of the spectral data was calculated to determine if correlations 
between the spectral measurements and plant soil variables could be improved. First 
derivative data were calculated on a weekly basis at 10 nm intervals from 400 to 1000 nm 
(resulting in 60 first-derivative values per plot). Figures 13-15 show first derivative 
curves from steady (HSN HLF, LSN LLF) and cyclic (HPN LHLF, LPN LHLF and HIN 
LHLF, LIN LHLF) conditions for the week of July 18,2002. As shown in these figures, 
first derivative values were high where the slope of the percent reflectance curves change 
rapidly (between 680 and 700 nm). Typically, first-derivative curves reveal more peaks 
than untransformed (raw) percent reflectance curves especially in the chlorophyll 
absorption band (in the green and the red), NIR reflectance magnitude, red edge position 
and shift, and the water trough position. These peaks are characteristic of different 
chlorophyll, nitrogen and tissue moisture status.
The red edge, the point of maximum rate of change which marks the boundary 
between the chlorophyll absorption in the red wavelengths and the reflectance of infrared 
radiation was determined from first derivatives of the spectral curve. The red edge shifted 
approximately 5 nm to the shorter wavelengths (Figure 13). However, this shift was less 
obvious under LPN LHLF (Figure 14). On the other hand, under LSN and LLF, the shape 
of the spectra, including the combination of high reflectance in the VIS range and low 
reflectance peak in the NIR was mostly typical of soil background. In general, the overall
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shape of first derivative reflectance curves which incorporate extreme low N, low LF and 
high N, high LF treatments makes the spectral features of the canopy and bare soil highly 
distinctive whether it’s from raw spectral curves or from first derivative curves. The 
visible range of the spectrum from 400 nm to 700 nm illustrates the obvious chlorophyll 
absorption of bermudagrass canopies especially around 530 nm and 680 nm. Figure 15 
shows this feature in more detail. There is a slight increase in reflectivity around 530 nm 
(visible green) because the pigments are less absorptive there. Also, there is a decrease in 
reflectance around 680 nm associated with high absorption by chlorophyll pigments in 
green leaves. In the spectral range between 700 nm and 740 nm bermudagrass cover has a 
high reflectance (around 710 nm), increasing with high N treatments combined with high 
LF (Figure 13) or LHLF (Figure 14 and 15). From 780 nm to 1000 nm, all plots showed a 
relatively low reflectance due to absorption primarily by leaf water. The water trough 
(around 970 nm) was only distinctive under HPN LHLF treatment (Figure 14). Overall, 
first derivative features (maximum chlorophyll absorption in the VIS (green and red), the 
red edge position, area of the red edge and water trough in the NIR) varied based on 
nitrogen and water treatment combinations and will be used as input variables in 
regression analysis with all plant and soil parameters (reported later).
Effects of Nitrogen and Water Treatments on Canopy 
Reflectance at Specific Wavelengths
To assess changes in spectral reflectance based on treatment combination, seven 
selected wavelengths were plotted separately (450, 504, 555, 660, 680, 700 and 902 nm) 
as shown in Figures 16 through 22. Analysis o f variance based on these selected
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wavelengths revealed that both N and LF and their interaction affected the spectral 
radiance response at 450, 504 and 700 nm (p <0.001). At 555 nm, the main N and LF 
treatments and their interactions were also significant but at a lower level of significance: 
[(p <0.001 (N), p = 0.006 (LF), p = 0.004 (N x LF)]. At 660 nm and 680 nm, spectral 
reflectance separated by N only (p <0.001). At 902 nm, spectral reflectance separated by 
N (p = 0.004) and by LF (p = 0.015). However, no significant separation in spectral 
reflectance by N x LF interaction was found in the red (660, 680 nm) and NIR (902 nm) 
regions.
Examination of Figures 16,17 and 18 reveals a clear separation in canopy reflectance 
between high nitrogen treatments and low nitrogen treatments regardless of the water 
combination. The pattern of increased spectral reflectance at 450, 504 and 555 nm for the 
low nitrogen treatments (LSN HLF, LPN LHLF, LSN LHLF, LIN LHLF, and LSN LLF) 
appears to be consistent over the two year period. This difference in reflectance between 
these visible wavelengths was statically significant (ANOVA) based on N, LF treatments 
and their interaction. This difference was significant at p <0.001 for 450, 504 nm and at p 
<0.001 (N), p = 0.006 (LF) and p = 0.004 (N x LF) for 555 nm. This increase in 
reflectance supports the fact that under nitrogen and /or water stress, absorbance 
decreases in the visible (green) range of the spectrum. On the other hand, there was a 
clear separation between the two extreme LF s for the low nitrogen treatments: LSN HLF 
and LSN LLF, suggesting that under high N stress conditions, reflectance in the visible 
range of the spectrum will change dramatically with change in water treatment.
Figures 19,20 and 21 show a clear distinction in canopy reflectance between high N 
and low N treatments in the red portion of the spectrum, because plants with high N
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content have higher chlorophyll (a + b) contents which result in higher absorbance rates 
in the red region of the spectrum. Under low nitrogen treatments, percent reflectance 
increased with a slightly different pattern than observed in the VIS region. There was a 
25% to 60% increase between high N (HSN LLF) and low N treatments (LIN LHLF and 
LSN LLF). Within the low N treatments, we found a 46% increase in reflectance 
between LSN HLF and LSN LLF treatments at 660 and 680 nm (Figures 19, 20) This 
response was mainly due to the extreme differences in the water treatment (HLF and 
LLF).
Reflectance at 700 nm over a two year period showed a 25% to 55 % increase in 
reflectance between high N (HSN LLF) and low N treatments (LIN LHLF, LSN LLF). 
Figure 22 shows the reflectance spectra of all treatment combinations at 902 nm, which is 
considered as a reference wavelength for the water absorption band in the NIR located at 
970 nm (Pehuelas et al. 1994). In this figure, differences in reflectance appear to be
related to both nitrogen and the combined water treatment. HPN LHLF and HIN LHLF 
showed greater reflectance for high N treatments (61% and 58 % reflectance 
respectively) suggesting that the water trough around 970 nm should be deeper, 
indicating higher water content for the turfgrass put under those two treatments.
However, low N treatments revealed little difference in reflectance at 902 nm over the 2- 
year period, except for LIN LHLF, which showed a higher reflectance at 902 nm (55.5 
%). There was a 5.5 % difference in reflectance between the highest reflectance point for 
the high N treatments (HPN LHLF) and the highest reflectance point for the low N 
treatments (LIN LHLF). While, there was a 9 % reflectance difference between the two 
steady state control treatments (HSN HLF: 57.5 % and LSN LLF: 48.5%).
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Although the spectral curves show a consistent pattern over the 2-year period 
between low and high N, there was not a simple relationship within the same range of 
nitrogen treatments under different water regimes. Consequently it’s not surprising that 
those relationships are not exclusively related to water content or nitrogen content 
separately but to other specific and complicated interaction factors. The extent to which 
water and nitrogen in combination with other factors are driving the spectral response 
will be thoroughly discussed in the next section.
Canopv Reflectance at Specific Wavelengths
Figures 23-26 show the overall pattern of spectral reflectance at specific wavelengths 
(450, 504, 550, 555, 660, 680, 700, 790, 902 and 970 nm) over a 2-year period. The first 
noticeable characteristic of the reflectance spectra is that bermudagrass canopies from the 
high nitrogen treatments showed lower reflectance in the VIS and higher reflectance in 
the NIR than those from low nitrogen treatments. The shape of the spectral curve was 
similar throughout the 2-year period, but high N treatments had reflectance values 
consistently higher in the NIR region than low N treatments.
Figure 23 shows steady N and steady LF effects on spectral reflectance. The 
comparison presented in this figure between mean reflectance spectra corresponding to 
the high steady N and the low steady N treatments under low and high water regimes 
shows that HSN plots are well discriminated from the other LSN plots regardless of their 
LF. Canopy reflectance varied more widely between HSN HLF and LSN LLF with the 
greatest variation in the NIR region of the spectrum at 790 nm (13%) and the lowest in 
the VIS at 450 nm (5%). There was a significant difference (p <0.001) in canopy
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reflectance in the VIS and NIR based on N treatments when LF was unchanged. This was 
the case between HSN HLF vs. LSN HLF and between HSN LLF vs. LSN LLF (Figure
23).
Figure 24 shows little difference in reflectance between high and low incremental 
N and cyclic LF. The small separation in the VIS and NIR is mainly driven by the N 
treatment, resulting in a typical lower reflectance in the VIS and higher reflectance in 
NIR for the higher N treatment. Figure 25 shows the same pattern as Figure 24 but with 
more clear separation between HSN and LSN in both ranges of the spectrum. The 
combination between HPN LHLF and LPN LHLF yielded a clear separation in the 
spectral response between the two treatment combination in the VIS and in the NIR 
region of the spectrum. Figure 26 shows clearer separation between HPN and LPN in the 
NIR (8-11%) than in the VIS (2-4%).
Among all treatment combinations, the most variation found between the various 
nitrogen treatments was in the VIS (red) region of the spectrum (3-8%), while the lowest 
variation was in the VIS (green) region (2-5%). This was generally true between all 
combinations except for HIN and LIN where there was less variation in the VIS 
wavebands between 504 nm, 550 nm, 555 nm, 660 nm and 680 nm (3%) and in the NIR 
wavebands between 790 nm and 902 nm (4%). The wavelength portion of 790 -  970 nm 
had higher changes in reflectance per wavelength unit than the other portions o f the 
spectral range. Regardless of the water treatment, there was a clear separation between 
HSN and LSN in both regions of the spectrum. However, under the same nitrogen 
treatment (high or low), the reflectance separates in the NIR based on the water 
treatment. Samples from the HSN HLF had the highest reflectance in the NIR range
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compared to the HSN LLF. Whereas, samples from the LSN LLF had the lowest 
reflectance in the NIR region. Another important feature is that the reflectance between 
790 nm and 970 nm was nearly identical for HSN LLF and LSN HLF, suggesting that the 
high water treatment compensates for the low N treatment in the NIR resulting in similar 
reflectance.
Several spectral features associated with water content were found. They were 
mainly centered between 800 nm and 902 nm. These features are more obvious in 
Figures 23, 25 and 26. There was also consistency in the spectral features of high N with 
HLF or LHLF and low N with LLF or LHLF. While several spectral features were 
similar between all treatment combinations, in the VIS and NIR, clear differences were 
also apparent in the slope between 680 and 780 nm (red edge). In particular the red edge 
shifted towards the VIS (blue) for LSN HLF, LSN LLF (Figure 23), LIN LHF (Figure
24), LSN LHLF (Figure 25) and LPN LHLF (Figure 26), whereas it shifted towards the 
NIR region for the high N treatments. This shift has been reported to be strongly 
associated with the chlorophyll concentration (thus, with N content) as reported by Horler 
et al. (1983) and Carter et al. (1996).
Based on analysis of variance, the applied N rates showed that canopy reflectance 
between 450 nm to 620 nm and from 700 nm to 715 nm, from all the plots were 
significantly different from each other (p <0.001). Whereas, the LF treatments showed a 
difference between 450 nm, 504 nm and 715 nm (p <0.001) and between 550 nm (p = 
0.009) and 555 nm (p = 0.006) with a significant interaction effect (N x LF, p = 0.004).
In the NIR region of the spectrum, there was no interaction effect between N and LF for 
the spectral reflectance. The P value for N and LF treatment effects was less significant
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
than in the VIS (P between 0.004 and 0.049). The main effect of N for wavelengths 
above 910 nm was not significant either. The red edge (the slope between 680 and 780 
nm) shifted towards longer wavelengths with an increase in N treatment and thus 
chlorophyll content.
It is important to note that based on these selected wavelengths, soil reflectance 
was significantly minimized when the average data were taken over the 2 year period. 
This was particularly true between the reflectance curve of HSN HLF and LSN LLF 
(Figure 23). This clear difference remained even when the first derivative data were 
calculated (Figure 13), even though this was on a weekly basis. Soil reflectance was 
apparently small between high N and low N treatments; in particularly between the HSN 
and LSN treatments, but in fact the reflectance variation was statistically significant (5 - 
13%). This variation was partly associated with soil background for the LSN LLF 
treatment.
Effect of Treatments on Spectral Reflectance and on 
Plant & Soil Parameters 
To find out if the nitrogen and the water treatments and their combination had a 
significant effect on the spectral reflectance data and all other plant and soil parameters, a 
tedious and exhaustive series of analysis o f variance were applied to each plant and soil 
variable (16) as well as to all possible individual wavelengths (38), first derivative data 
(5) and indices (51). Analysis o f variance was performed on each data set on a weekly 
basis, under steady state conditions and for all data over the two year period. Thus, we 
generated (110 x 20) + (110 x 20) + (110 x 20) = 6600 data set for every week of the
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experiment for which each week had 10 replicated treatment combinations (20). The 
Analysis of variance was performed on steady conditions ((110 x go) x 3 = 26400 data 
set), and then on the whole data over a 2  year period (1 0  weeks of data where the spectral 
measurements were simultaneously taken with other measurements), (1 1 0  x 2 0 0 ) x 3 = 
66000 data set). Tables 4, 5 and 6  show the outcome of such analysis.
Evaluation Based on Weeklv Data Sets
As shown in Table 4, based on the weekly data sets, there were different levels of 
significance between most of the tested parameters (individual wavelengths, vegetation 
indices and soil plant measurements). The main effect of N for all tested vegetation 
indices (except the water band index (WBI2)) showed greater significance during the 
fourth, eighth, ninth and tenth week (last week of the experiment). Whereas, the main 
effect of LF was on the tested wavelengths between 760 nm to 975 nm during most of the 
experimental period. There was a significant difference between plant and soil responses 
to N and LF treatments but no N by LF interactions were uncovered.
Analysis of variance of vegetation indices showed no significant effect of N , LF 
or their interaction at the beginning of the growth stage of bermudagrass (June 20 and 
July 03, 2002), except for PRI3 (p <0.01), SR6 , SR7, SRIO, NCI and NC4 which 
separated only by N (p <0.05) in June 20 2002. During the second week (July 03, 2002), 
NIR, NC2 and NC3, all separated by N (p <0.05), while a LF or N x LF separation was 
not significant. However, ANOVA of reflectance measurements at all tested individual 
wavelengths (38) showed more separations based on N or LF (June 20, 2002). All tested
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reflectance measurements between 450 nm and 650 nm and reflectance values at 730 nm 
separated by N (p <0.05). While, reflectance measurements between 693 nm, and 
720nm separated by both N [(p <0.05 except for 715 nm and 720 nm (p <0.001)] and LF 
(P <0.05). The effect of N or LF on the rest of reflectance measurements was not 
significant during this first week. However, at the beginning of July 2000, reflectance 
measurements at 510 nm and 520 nm and those between 555 nm and 720 nm all 
separated by N. Only reflectance measurements at 520 nm separated by both N (p = 
0.038) and N x LF (p = 0.042).
Evaluation of the first derivative data revealed that only maximum chlorophyll 
absorption estimates in the VIS (green and red) separated by N (p = 0.05 and p = 0.014, 
respectively) during the first week. While, the maximum chlorophyll absorption in the 
red and the water band trough separated only by LF (p = 0.021 and p = 0.009, 
respectively) on July 03, 2002.
Among all plant and soil measurements, separation for évapotranspiration (ETa) 
was based only on LF (p = 0.01) whereas total tissue nitrogen (TN) (P <0.001) and total 
tissue nitrogen multiplied by mean tissue moisture estimates (TN x TM) (P = 0.029) 
separated by N on June 20, 2002. Water storage in the soil, canopy temperature (Tc) and 
storage over maximum storage separated by N x LF (P <0.05). For the week of July 03, 
2002, theta (0) (p = 0.026), soil matric potential (v|/m ), canopy and ambient temperature 
difference (Tc -  T&) and storage over maximum storage (storage/storage^ax), all showed 
separation by LF (P = 0.019), except for bermudagrass canopy color rating which 
separated by N (P <0.001).
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After July 03, 2002, ANOVA results showed that N and LF had significant effects 
on a large number of variables. Although, we noticed a great variation in the level of 
significance from week to week. As reported in Table 4, N and LF had no effect on PAR 
and PRI4 estimates except on October 03, 2002 where PAR separated by N x LF (p = 
0.006) and PRI4 separated by N (p = 0.003) and by N x LF (p = 0.0039). On September 
19, 2002, PRI4 separated by N (p = 0.008) and by N x LF (p = 0.014). Reflectance 
measurements at 730 nm separated by N x LF (p = 0.043) on August 01, 2002 and by LF 
(p = 0.047) on June 26,2003. Reflectance estimates between 760 nm and 975 nm showed 
no separation on August 01 and 22, 2002 and June 12, 2003. Plant and soil pai ameters 
showed the effects o f N and/or LF during some weeks of the experiment. Theta (0), 
storage, storage/storagCmax ,canopy color rating, total tissue nitrogen concentration and 
the interaction between total tissue nitrogen and tissue moisture content (TN x TM) and 
chlorophyll concentration measured by a chlorophyll meter all showed significant 
correlations with N and/or LF. Theta (0), storage, storage / storagemax separated primarily 
by LF (Table 4). Theta (0) measurements also separated by an N x LF interaction (p = 
0.001) on August 01,2002 and on October 03, (p = 0.038). Canopy color rating, total 
tissue nitrogen concentration and the interaction between total tissue nitrogen and tissue 
moisture content (TN x TM) separated by N (p <0.05 and p <0.001). Chlorophyll index 
also separated by N (p <0.001) and by LF (p <0.05). Canopy color rating revealed a 
significant separation by N (p <0.001 and P = 0.002) during the weeks where treatment 
effects occurred. LF effects on canopy color rating occurred only during the month of 
August (August 01 and August 22, 2002) (p = 0.003 and p = 0.013, respectively).
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First derivative data showed few separations, except for the red edge peak and its 
area which separated mainly based on N except for July 18,2002; September 19, 2002 
and June 26, 2003 where separation occurred based on N and on LF (Table 4).
Evaluation Based on Steadv State Conditions 
Analysis of variance for data from plots under steady state conditions (HSN HLF, 
HSN LLF, LSN HLF, LSN LLF) revealed that the level of significance of treatment 
effects (N, LF) was lower than that determined on a weekly basis. As shown in Table 
5, most vegetation indices except for PRIl, PRI2, [WBI], WBI, PSR, NPCI, WBI2, 
NDVI3, PRI5, SR6, SR8, SRI5, NC4 and WBI4 all separated by N (p <0.001) and by 
LF (p < 0.05). However, NDVI3, WBI2, SR6 and NC4 also separated based on an N 
X LF interaction (p <0.05). Neither N nor LF had an effect on reflectance 
measurements at 510, 520, 540, 552, 600, 674, 705, 730, 960, 970, and 975 nm. 
Whereas, the rest of individual wavelengths separated by N and /or LF and by N x LF 
interaction. Reflectance measurements at 660,and 680 nm separated only by N (p 
< 0 .001).
When soil plant variables were assessed, SPAD measurements, theta (0), storage, 
canopy and ambient tenperature difference (Tc -  Ta), evpotranspiration (ETa), total 
tissue nitrogen concentration, tissue nitrogen x tissue moisture (TN xTM) and canopy 
chlorophyll index separated based on N or LF. SPAD measurements and total tissue 
nitrogen concentration exclusively separated by N (P = 0.029 and p <0.001, 
respectively). Whereas, Theta (0), canopy temperature (Tc) and evpotranspiration 
exclusively separated by LF (p <0.001 and p = 0.029, p = 0.016, respectively).
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Canopy ambient tenperature difference (Tc -  Ta) and chlorophyll index separated by 
both N (p = 0.004, p <0.001) and by LF (p = 0.019, p <0.001). Only soil storage 
separated by N (p = 0.004), LF (p <0.001) and by an N x LF interaction (p <0.001). 
Three first derivative estimates (red edge peak (Xre) ,  maximum chlorophyll 
absorption in the green, and area under the red edge (XkRE(68o-780)) separated by N and 
by LF (p <0.001, except for chlorophyll absorption (P <0.05) (Table 5).
Evaluation Based on the Entire Data over the 
2-Year Experimental Period
When the ANOVA was based on the entire 2-year period, there were fewer 
effects of N and LF treatments on most of the tested variables (Table 6). WBI2, PRI5, 
SR6, SR7, SRI 1, NCI, NC4, WBI3, WBI4, all separated by N and by LF (p <0.001). 
PRIl, PRI2, [WBI], WBI, PRI3, NDPI, NPCI, and NPCI2 also separated by N and LF (p 
<0.001 and p <0.05), except for PRI2 which separated by N, LF and by an N x LF 
interaction (p = 0.042) while, PRI3 separated only by N (p = 0.022). All the tested 
wavelengths between 450 nm and 620 nm and reflectance values at 700, 705 and 715 nm 
separated based on N (p <0.001), LF and by N x LF (p <0.001) However, Wavelengths 
between 730 nm and 950 nm separated primarily by N and by LF (p <0.05). Whereas at 
720 nm (p <0.001), 730 nm (p = 0.002) and 945 nm (p = 0.019) separation occurred 
based only on N.
On the other hand, N and LF were shown to have an effect on plant variables but 
not on soil variables. SPAD and total tissue nitrogen separated based on N (p = 0.002 
and p <0.001, respectively). However, évapotranspiration (ETa) and tissue nitrogen x
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tissue moisture separated based on LF (p = 0.003 and p -  0.011, respectively). Only 
canopy chlorophyll index separated based on N and LF (p <0.001). First derivative 
estimates of the red edge peak, maximum chlorophyll absorption in the green, and area 
under the red edge all separated based on N and LF. This separation was highly 
significant for the red edge peak (^re) and the area under the red edge (X ^re  (68o-78o)), (p 
<0.001). However, the level of significance was lower for the maximum chlorophyll 
absorption waveband LF (P = 0.004), (Table 6).
Data Analvsis Based on Backward 
Stepwise Multiple Regression 
In order to eliminate non-significant variables from a predictive model (individual 
wavelengths, vegetation indices, first derivative estimates and plant and soil variables), 
each variable was assessed starting with the weakest predictor. A stepwise backward 
regression analysis was conducted on the data acquired under steady conditions, and over 
the entire 2-year period of this study to develop prediction equations. The results provide 
coefficients of determination for each independent variable, signifying the degree to 
which each one, when combined with the others, contributes to predicting the dependent 
variable. In the first approach, previously measured spectral reflectance values from 
specific wavelengths and vegetation indices (selected based on the appearance of the 
spectral reflectance curves and based on ANOVA results) were regressed against all soil 
and plants variables (Table 7 and 9). In the second approach, all soil and plants variables 
were regressed against all spectral reflectance values from all possible wavelengths 
previously tested using analysis o f variance (Table 8 and 10).
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Regression Analysis under Steadv State Conditions
Tables 7 and 8 show the regression results obtained from the steady N and LF 
combinations (HSN HLF, HSN LLF, LSN HLF and LSN LLF). The results show that the 
number of combined independent variables varies between 2 to 4 in the prediction of the 
reflectance values at the selected wavelengths and between 1 to 5 in the prediction of 
vegetation indices (Table 7). However the number of combined single wavelengths used 
to predict any o f the measured plant and soil variables was higher, ranging from 3 to 13 
combined wavelengths (Table 8). All individual wavelengths (except 902 nm which 
wasn’t significant) and vegetation indices had high correlation coefficients and the same 
high level o f significance (P <0.001) when regressed against all plant and soil variables. 
As shown in Table 7, all wavelength reflectance values were partially predicted from 
canopy chlorophyll index estimated by the chlorophyll meter (CM 1000). The degree to 
which chlorophyll index contributed to this prediction was variable. Canopy reflectance 
at 504 nm, 660 nm and 680 nm could be predicted from the same variables (tissue 
nitrogen x tissue moisture and chlorophyll index). This confirms the typical spectral 
features related to chlorophyll absorption in the green (500-555 nm) and red (660-680 
nm) regions of the spectrum.
Spectral reflectance at 902 nm showed no significant correlations with any of the 
tested independent variables. This means, that even under steady state conditions, canopy 
reflectance at 902 nm cannot be predicted from any combination of variables over time. 
Canopy reflectance at 450 nm correlated with color, difference between canopy and 
ambient temperature (Tc -  Ta) and total tissue nitrogen concentration but not with the 
chlorophyll index. Reflectance at 555 nm could be predicted from the same variables as
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504, 660 and 680 nm (TN x TM and canopy chlorophyll index) in addition to soil matric 
potential (v|/m ) , which gave the highest coefficient of determination 0 .78). The
highest number (5) of independent variables accepted into a regression equation was 
found for reflectance at 700 nm. Tissue moisture times total tissue nitrogen (TMx TN) 
and total tissue nitrogen (TN) and chlorophyll index were often the driving force behind 
this higher correlation. Furthermore, soil matric potential and leaf xylem water potential 
were accepted as independent variables along with N and LF to predict reflectance at 700 
nm (Table 7).
Two versions of NDVI (NDVIl and NDVI3) were predicted from the same 
variables (tissue moisture (TM), tissue moisture times total tissue nitrogen concentration 
(TMx TN), total tissue nitrogen (TN) and chlorophyll index). The only difference was 
that NDVIl had a slightly higher r  ̂value (r  ̂= 0.73 (NDVIl) , r  ̂= 0.65 (NDVI3)). WBI2 
and NIR were predicted from only one variable (theta (0)), which is an indication of the 
moisture status of the soil. This exclusive correlation with NIR was significant, although, 
the coefficient of determination was low (r  ̂= 0.21, p< 0.001). The wavelengths used to 
calculate WBI2 and NIR are both in the NIR range of the spectrum (Table 2). Theta (0) 
and leaf xylem water potential (v|/0)), both predicted WBI2 with r  ̂= 0.63, p <0.001. NC4, 
which is an index for nitrogen status, correlated with the same parameters as NDVI 
(except for TN which was replaced by v|/m) (Table 7), which again indicates that it is hard 
to separate the influence of chlorophyll and N because N is a basic constituent of 
chlorophyll. The overall contribution of these parameters was highly significant (r^-0.79, 
p <0.001) accounting for the greatest amount of variation in the tested vegetation indices.
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SI2 (stress index) was also correlated with the same parameters as NDVI and NC4 
(except \ | / m )  but the coefficient of determination was lower than NDVIl and NC4 (r  ̂= 
0.68, p <0.001). SRI5 correlated only with chlorophyll index, which contributed to 100% 
of the correlation (r  ̂= 0.51, p <0.001). Chlorophyll index also contributes in the 
prediction of NPCI along with the difference in canopy to ambient temperature (Tc -  Ta) 
(r  ̂= 0.56, p <0.001). PRI3 was predicted from total tissue nitrogen (TN) and from TM x 
TN(r^ =0.73, p <0.001).
Coefficients of determination for all predictive relationships between plant and 
soil measurements and reflectance measurements are given in Table 8. All soil plant 
measurements were predicted from wavelengths covering the VIS and NIR range of the 
spectrum, except for SPAD measurements, which were predicted only from the VIS 
(green) range [SPAD = R504 + R555 + R560, (r  ̂=0.29, p <0.001)]. Among the 
parameters used to assess soil and plant water status, theta (0), and xylem leaf water 
potential (\|/cd), the difference between canopy and ambient temperatures (Tc -  T&) and 
tissue moisture times total tissue nitrogen (TM xTN) were predicted from spectral 
reflectance values covering the water absorption bands in the NIR (the range between 
900 and 970 nm) (Table 8). Tissue moisture (TM) showed to be predictable from 
reflectance values at 12 wavelengths. This prediction was highly significant (i :̂ 0.85). 
Wavelengths predicting tissue moisture and total tissue nitrogen combination (TM x TN) 
also had an excellent correlation (r  ̂= 0.75, p <0.001). Total tissue nitrogen could be 
predicted from reflectance values in the visible green (at 504 nm and 552 nm), visible red 
(693, 700, 705 and 720 nm) (r  ̂= 0.44, p <0.001).
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Regression Analvsis for the Entire Data over the 
2-Year Experimental Period 
Tables 9 and 10 show the general results of backward regression analysis on 
selected wavelengths and vegetation indices (Table 9) and all regressed soil plant 
variables over the entire 2-year period (Table 10). All regressed variables (individual 
wavelengths, vegetation indices and plant and soil parameters) showed lower levels of 
significance than those under steady state conditions. Spectral reflectance at 450 nm and 
504 nm was correlated with the highest number of independent variables (6), where the 
contribution of chlorophyll concentration was the highest. The only noted difference 
between the parameters that could be used to predict the spectral reflectance at those two 
wavelengths was évapotranspiration at 450 nm and total tissue nitrogen at 504 nm (Table 
9). Chlorophyll and tissue moisture status were the combined predictors for reflectance at 
555 nm. This was also the case for reflectance at 660 nm and 680 nm except that dry 
tissue biomass was also included which wasn’t the case under steady state condition 
because this parameter wasn’t measured (missing data). In this case, the coefficient of 
determination was higher at 680 nm (r  ̂= 0.67, p <0.001) than at 660 nm (r  ̂= 0.65, p 
<0.001), which was the opposite under steady state conditions. Canopy reflectance at 902 
nm predicted from the terrperature difference between canopy and ambient conditions 
(Tc -  Ta) and soil matric potential (ym) was significant, although it showed the lowest 
correlation (r  ̂= 0.38, p <0.001). On the other hand, reflectance at 700 nm could be 
predicted from tissue nitrogen x tissue moisture, chlorophyll index and soil matric 
potential (ym) (r  ̂= 0.63, p <0.001).
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Vegetation indices, PRI3, NPCI, NIR, SRI 5, WBI2, and NC4, were predicted from 
completely different plant and soil parameters than those under steady state conditions. 
PRI3 was exclusively predicted from chlorophyll concentration with an r  ̂= 0.42, p 
<0.001. While NPCI was predicted from tissue moisture, total tissue nitrogen, 
évapotranspiration and dry biomass (r  ̂= 0.41, p <0.001). NDVIl and NDVI3 correlated 
with the same variables as under steady state except for NDVIl where Tc -  T» was an 
additional variable. Whereas for NDVI3, diy biomass was included as a predictive 
variable instead of total tissue nitrogen (r  ̂= 0.65, p <0.001). WBI2 was correlated with 
plant and soil water status indicators (theta (0), canopy ambient temperature difference 
(Tc -  Ta), canopy tenperature (Tc), tissue moisture (TM), évapotranspiration, storage / 
StoragCmax) and with total tissue nitrogen (TN) and SPAD measurements as well as with 
the combination between tissue moisture and total tissue nitrogen (TN x TM) NC4 was 
only predicted from canopy color ratings with an r  ̂= 0.42, p <0.001.
When soil plant parameters were regressed against all individual wavelengths, 
SPAD and soil matric potential ( y m ) ,  showed the lowest coefficients of determination (r  ̂
= 0.17 and r  ̂= 0.14, p <0.001), respectively) (Table 10). Similar responses were obtained 
under steady state conditions (Table 8). Better predictive relationships existed between 
total tissue nitrogen (i^ = 0.59, p <0.001), canopy color ratings (r  ̂= 0.52, p <0.001) and a 
range of wavelengths in the VIS (green and red) and the NIR regions of the spectrum, 
than under steady state conditions. Robust sample sizes (n = 200) insured that the 
variation accounted for in the measured parameters was highly significant. From the 
perspective of nitrogen management, both color (i^ = 0.52, p <0.001) and tissue nitrogen 
(r  ̂= 0.59, p <0.001) could be predicted from a combination of canopy reflectance at the
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specific wavelengths shown in Table 10. On the other hand, the predictive wavelengths 
shown in Table 10 are different from those found under steady state conditions. This 
inconsistency is an indication of the temporal variation in the biological and spectral 
responses when taken under field conditions over time.
Regression Analvsis Based On Data Set 
Acquired From a Single Week 
One week of the data (August 22, 2002) was selected to run similar regression 
analysis as conqjleted on the steady state and two year experimental data sets to evaluate 
temporal induced variations in trends. NDVI3 showed an excellent and strong correlation 
with chlorophyll index measurements taken at the canopy level [NDVI3 = 0.0016 + 
0.0026 chlorophyll index -  2.4597 xlfr^ (chlorophyll index) r  ̂= 0. 88***, n =20], 
(Figure 27). NDVI3 also showed a positive linear relationship with tissue moisture (r  ̂= 
0.56***, n = 12), (Figure 28), tissue moisture x tissue nitrogen (r  ̂= 0.68 ***, n = 12) 
(Figure 29) and with canopy color rating (r  ̂= 0.66***, n = 20), (Figure 30). On the other 
hand, NDVIl correlated only with canopy color rating (r  ̂= 0.68***, n = 20), (Figure 31) 
whereas, NC4 was significantly correlated with chlorophyll index (r‘ = 0.75 ***, n = 20) 
(Figure 32), and with canopy color rating (r  ̂= 0.60 ***, n = 20) (Figure 33). Tissue 
moisture x tissue nitrogen showed a lower correlation with NC4 than with the 
chlorophyll index (r  ̂= 0.71 ***), (Figure 34). WBI2 also showed a positive and strong 
correlation with canopy color rating (r  ̂= 0.56 ***, n = 20) (Figure 35), and tissue 
moisture (r  ̂= 0.76 ***, n = 12) (Figure 36). This correlation with tissue moisture status 
was more significant than with any of the correlated vegetation indices with the same
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parameter. PRIS, NPCI and SRI 5 showed high correlation with only one single soil or 
plant variable. Both PRIS and SRI 5 showed a linear positive correlation with chlorophyll 
index readings (r^= 0.60 ***, n =20) (Figure 37 and Figure 38, respectively). NPCI 
showed a linear and high correlation with canopy color rating (r  ̂= 0.62 ***, n =20) 
(Figure 39). While there was a significant curvilinear relationship between SI2 and 
canopy color rating (r^= 0.74 ***, n = 20) (Figure 40). SI2 also showed a better 
curvilinear correlation with the chlorophyll index than NDVI3 [SI2 = 0.6298 - 0.0023 
chlorophyll index + 2.4944 xlO^ (chlorophyll index) r  ̂= 0. 90 ***, n =20], (Figure 41) 
Reflectance at 450 nm showed a good linear correlation with Tc -  Ta (r  ̂= 0.66), 
(Figure 42). However, correlations between reflectance values at 504, 660 and 680 nm 
and chlorophyll index were curvilinear (r^= 0.81 ***, r  ̂= 0.84 ***, r  ̂= 0.84 *** 
respectively, n =20) (Figures 43, 44,48). Correlation between R680 and canopy color 
rating was also curvilinear (r  ̂= 0.74***, n =20) (Figure 49). On the other hand, 
reflectance at 660 nm had a linear correlation with canopy tenperature (r  ̂= 0.44 ***, n 
=20) (Figure 45), storage over maximum storage (r̂ : 0.40***, n =20) (Figure 46) and leaf 
xylem water potential (r^ = 0.44 ***, n =20) (Figure 47).
Regression Analysis under Steadv State Conditions 
Multiple linear regression analysis showed that only a few correlations existed 
between the spectral data and biological variables (plant soil measurements). All 
correlations were restricted to canopy chlorophyll index, except for reflectance at 700 
nm, which correlated with canopy color rating. R  ̂ values were generally high (>0.50) for 
the vegetation indices and individual wavelengths (Figures 50- 54). It should be noted
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that no correlations with soil parameters were found under steady state conditions. There 
was a strong curvilinear relationship between NDVI3 and chlorophyll index [NDVI3 = 
0.0751 + 0.0026 chlorophyll index -  2.0506 x 10'  ̂(chlorophyll index) ^ , r  = 0.77, n = 
80], (Figure 50). The water band index (WBI2) was linearly correlated with the 
chlorophyll index (WBI2 = 1.0482 + 0.00020 chlorophyll index, r^= 0.52***, n = 80), 
(Figure 51). This relationship suggests that such an index would be valuable for 
assessment of canopy chlorophyll content. Similarly, NC4 correlated with the chlorophyll 
index (NC4 = 0.7422 -  0.00045 chlorophyll index), (r^= 0.62***), (Figure 52). In both 
cases, the chlorophyll index response to WBI2 and NC4 was linear.
When assessing correlations with spectral wavelengths, canopy reflectance at 660 
nm was found correlated with the chlorophyll index (Figure 53). This correlation was 
curvilinear [R660 = 20.4045 -  0.0689 chlorophyll index + 6.7408 x 10'  ̂(chlorophyll 
index) = 0.68***, n = 80]. Whereas, canopy reflectance at 700 nm correlated with 
canopy color rating and not with the chlorophyll index (R700 = 151.2432 -  
15.0689canopy color rating, r  ̂=0.53***, n = 76), (Figure 54). Canopy color rating 
showed a threshold relationship to canopy reflectance at 700 nm. As shown in Figure 54, 
a color value threshold rating of 8.4 was determined below which only four data points 
fell. The majority of the points was above this threshold value and scattered along a line 
with color rating values ranging between 8.5 and 9.8, indicative of abundant green 
canopy color. As color rating values increased above the threshold, the scatter plot shows 
a tight linear relationship with percent spectral reflectance values between 3.7 % and 22.5 
% .
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Regression Analvsis for the Entire Data over the 
2-Year Experimental Period 
More correlations between spectral variables and plant and soil parameters were 
found when the overall data set was considered. Figure 55 shows an excellent positive 
curvilinear relationship between NDVI3 and chlorophyll index (r^= 0.75***). The 
relationship of the same index with canopy color rating was less scattered than the 
previous relationship of R700 nm with color rating under steady state conditions (Figure 
56). This tight threshold relationship indicates that an NDVI 3 value of 0.2 correlates 
with a baseline threshold color value of 8.4, below which bermudagrass was considered 
to be under extreme water and nitrogen stress (NDVI3 = -3.9335 + 0.4818 color, r  ̂= 0. 
64***, n = 194). NDVI3 also correlated with chlorophyll concentration (r  ̂= 0. 46***, n 
= 30) (Figure 57) and with total tissue nitrogen concentration (r^= 0. 31***, n =169) 
(Figure 58).
Figure 59 shows an excellent linear relationship between NC4 and the chlorophyll 
index (r  ̂= 0.64***). This tight linear relationship may be explained by the fact that the 
chlorophyll meter uses two wavelengths in the NIR (700 nm and 800 nm) that fall in the 
same range of those used to calculate the modified index (NC4): 730 nm and 860 nm. 
There was also a good correlation between NC4 and total tissue nitrogen r^= 0. 44***, 
(Figure 60). This is a reasonable finding given that NC4 is an index to estimate nitrogen 
content from canopy spectral reflectance measurements and tissue nitrogen estimates the 
nitrogen content in the tissue samples harvested at the canopy level. However, the 
significance of this relationship decreased when tissue nitrogen was combined with tissue 
moisture (i^ = 0. 30***), (Figure 61). Furthermore, we found that NC4 was correlated
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with tissue chlorophyll concentration (Figure 62). However, we could only account for 
50% of the variation in the NC4 based on chlorophyll concentration. The coefficient of 
determination may have been low because the sample size was not robust (n = 30). WBI2 
showed similar relationships with chlorophyll index as under steady state conditions (r  ̂= 
0. 55***), (Figure 63). However, this correlation was stronger if we consider the number 
of data points (n = 200). WBI2 also showed a threshold relationship with canopy color 
ratings. A WBI2 value of 1.06 was considered as a baseline value associated with a 
threshold color value of 8.5 (i^= 0. 44***), (Figure 64). PRI3 also showed correlations 
with the same variables as for NC4 (Figures 65-68). However, all the relationships were 
positive and linear and the coefficient of determinations were lower (r  ̂between 0.22 and 
0.60). NPCI, SRI5, and SI2, were the only indices that correlated with plant variables 
when the entire data set was considered. The majority of these correlations were found 
with the chlorophyll index. SRI 5 and SI2 both showed highly significant curvilinear 
relationships with chlorophyll index (r^= 0. 50***, and r  ̂= 0. 64***, respectively), 
(Figures 70 and 72). Only NPCI showed a clear linear relationship with the chlorophyll 
index (i^ = 0. 42***), (Figure 69). SRI 5 was also found to be correlated with the canopy 
color rating (Figure 71). It showed a baseline value of 1.34 with a threshold color value 
of 8.4 (SRI5 = 2.8513 - 0.1863 color, i^= 0. 44***, n = 194).
Reflectance through the VIS (green) range (450- 555nm) was exclusively 
correlated with tissue nitrogen (Figures 73-75). The correlations were linear but less 
significant than those with vegetation indices (r  ̂between 0.25*** and 0.35***). 
Reflectance at 450 nm also showed a curvilinear relationship with the chlorophyll index 
(i^ = 0. 54***), (Figure 76). In the red portion of the spectrum (680-700nm), reflectance
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at 680 nm correlated with canopy color ratings with an 18% reflectance baseline value 
associated with a threshold color value of 8.4 (Figures 77). Whereas, reflectance at 700 
nm showed a nonlinear relationship with chlorophyll index (r^=0. 68***,n = 200) 
(Figure 78) and a linear relationship with tissue chlorophyll concentration (r  ̂= 0. 45***, 
n = 30) (Figure 79).
Regression Analvsis for Plant and Soil Variables 
Plant and soil variables measured on August 22,2002 were cross correlated against each 
other. This data set was selected because it represented an optimum growing stage of 
bermudagrass and because significant correlations existed between the spectral 
measurements and the plant variables on this date. Figures 80-83 report significant linear 
relationships between plant and nitrogen variables. Soil parameters (soil matric potential 
( Y m ) ,  storage / storagemax, theta (9)) did not correlate with any of the plant variables or 
spectral measurements. Figure 80 showed a significant correlation between tissue 
moisture and tissue nitrogen (r  ̂= 0. 36***, n = 12). Correlation between tissue nitrogen 
and canopy color rating showed the same level of significance (r  ̂= 0. 36***, n = 20), 
(Figure 81). Whereas, tissue nitrogen was positively correlated with the chlorophyll index 
(r  ̂= 0. 40***, n = 20) (Figure 82). This correlation improved when tissue nitrogen was 
multiplied by tissue moisture content (r^= 0. 54***, n = 12), (Figure 83) based on a lower 
sample number. Plant and soil variables measured on August 22,2002 were plotted 
against all nitrogen and leaching fraction combinations to determine if any significant 
treatment effects were occurring based on single day measurements.
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Soil Moisture Measurements 
Volumetric soil moisture content (0) measured with a theta Probe was highest in 
the LSN HLF, HSN HLF and LIN LHLF treatments and lowest in the HSN LLF, HSN 
LHLF and LSN LLF treatments, while the HPN, LPN, HIN, LSN (LHLF) treatments had 
intermediate soil water content (Figure 84). Overall, volumetric soil water content were 
highest (~ 0.32) under high water treatments (HLF) and lowest (~ 0.09) under low water 
treatments (LLF) and intermediate (~ 0.025 and ~ 0.026) under cyclic water treatments. 
Under LSN LLF treatment, theta (0) decreased by about 72% from the LSN HLF and 
HSN HLF treatments.
Soil matric potential (ym) was approximately three times more negative in the 
LSN LLF (~ -320 mbars) treatment than in the LSN HLF (~ -100 mbars) and more than 
three times more negative in the HSN LLF (~ -700 mbars) than in the HSN HLF (~ -210 
mbars) (Figure 85). As shown in the same figure, LSN LLF treatment showed a more 
negative response than the HSN HLF treatment, while the cyclic water treatment LHLF 
showed high Ym values (less negative) except for HSN LHLF, which showed a similar 
response as HSN LLF.
Leaf xylem water potential (y<b) measurements differed significantly among 
treatment combinations (Figure 86). LSN LLF treatment was again the lowest (more 
negative) and the HSN HLF the largest (less negative) with almost a two fold difference. 
ANOVA previously indicated differences in y® based on LF treatments (P = 0.007, n = 
20) and also based on N treatments (P = 0.004, n = 20), (Table 4). Those two treatment 
effects are displayed in Figure 86. There was a clear separation between low and high 
nitrogen treatments, except for LSN HLF that showed y® values (~ -1.17 MPa) close to
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
that obtained under HSN HLF (~ -1.1 MPa) which suggests that in this case, the extreme 
difference in N treatments (LSN and HSN) had no effect on the leaf water potential, 
whereas the water treatment (HLF) was the main driving force behind this response. For 
both LSN LLF and LSN HLF, the + 0.15 LF treatment showed the highest water 
potential values ( -  -1.1 MPa), while the -  0.15 LF treatment showed the greatest amount 
of water stress (~ - 2.0 MPa). However, the cyclic water treatment had more positive Y® 
values; when the nitrogen treatment was high; than when the nitrogen treatment was low. 
This trend was most pronounced when LSN LHLF and HSN LHLF were contrasted, 
showing that bermudagrass plots receiving the LSN LHLF treatment expressed greater 
water stress which was possibly the result of the low N treatment and not the LF 
treatment. This conclusion was previously supported by ANOVA results (Table 4).
Hybrid bermudagrass canopy tenperature differential ( T c - Ta) measurements 
which previously separated by N (P = 0.021, n = 20) and by LF (P = 0.002, n = 20), 
showed a large difference between HLF and LLF. Based on single day measurements, Tc 
-  Ta showed an approximate four fold increase between LSN HLF (-1 .8  °C) and LSN 
LLF ( -  8 °C) and more than a two fold increase between HSN HLF (~ 1 °C) and HSN 
LLF ( -  2.2°C) which suggests that the N treatment had a contributing effect on the 
water stress as expressed by the canopy temperature difference (Figure 87). Cyclic 
water treatment (LSN LHLF) showed the highest temperature differential ( -  5 °C) after 
LSN LLF, but the rest of cyclic water treatments combined with low N showed lower 
temperature differential than cyclic water treatments combined with high N treatments, 
except for the HSN LHLF treatment which showed no difference between T c and T a .
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Percent tissue nitrogen showed a clear distinction between high and low N 
treatments (regardless of the water treatment) on the August 22 sanpling date (Figure 
88). This was supported by ANOVA results which showed that total tissue nitrogen data 
separated by N only (P = 0.021, n = 20). Total tissue nitrogen concentration from the 
LSN LHLF and LPN LHLF treatments were the lowest among the treatments (1.8% and 
2%, respectively) while HPN LHLF treatment had the highest N concentration (~ 3.5%). 
Tissue moisture contents were higher under high N treatments than under low N 
treatments (Figure 89). This was also supported by ANOVA results (P = 0.004, n = 16). 
We were not able to collect tissue samples from the LSN HLF and LSN LLF plots 
because of the scarce canopy cover that developed under extreme nitrogen and /or water 
stress that manifested itself under high atmospheric demand. The highest tissue moisture 
content was obtained when both N and LF were high and steady (HSN HLF), while the 
lowest tissue moisture content (with the available data) was obtained under LPN LHLF.
Canopy color ratings separated by N (P = 0.001, n = 20) and by LF (P = 0.013, n 
= 20), (Figure 90). All color ratings values were higher than 9.0, except for the LSN LLF 
treatment that had the lowest color rating value of 8.9. Under high N treatments, HSN 
HLF and HIN LHLF had the highest canopy color ratings (~ 9.7) whereas, under low N 
treatments, LSN LLF and LPN LHLF had the lowest color ratings ( -  8.9 and -  9.1, 
respectively), here was a statistical difference between SPAD data based on N (P = 0.01, 
n  = 20). The results in Figure 91 show that SPAD readings increased under HSN HLF, 
HSN LHLF and HSN LLF and decreased under low N treatments especially under LPN 
LHLF and LSN LLF. Under high N treatments the SPAD readings were higher when the 
N treatments were steady.
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Chlorophyll meter readings taken at the canopy level previously showed good 
correlations with tissue nitrogen (Figure 82), separating based on N treatment (high and 
low).This same relationship held for the single day measurements taken on August 22, 
2002 (Figure 92). Among high N treatments, only HSN LLF showed an index value as 
low as 300, which may be explained by the combined low water treatment (LLF) because 
previous analysis o f variance showed that the chlorophyll index readings separated by LF 
(p = 0.002) in addition to their separation by N (P <0.001). Under low N treatments, LSN 
LLF and LPN LHLF had the lowest chlorophyll index values (100 and 180 respectively) 
which suggests that the results are associated with nitrogen stress and a decrease in 
chlorophyll concentration. PADTeadings taken on August 22, 2002 did not correlate with 
tissue nitrogen or canopy color even though, they separated based on N treatment. 
However, chlorophyll meter readings taken at the canopy level could differentiate 
between high and low N treatments (Figure 92) and tissue N concentration (Figure 82).
Regression Analvsis Based on N and LF Treatments and
Their Interaction (N x LF)
To find out how well spectral variables (canopy reflectance at individual 
wavelengths, vegetation indices and first derivative estimates) would be predicted 
from weekly-applied N rates and LF or their combination, another set of elimination 
by stepwise regression analysis was conducted on a weekly basis, on steady state 
conditions and on the entire data set. Only individual wavelengths and vegetation 
indices previously regressed against all plant and soil variables (Table 7 and 9) were 
used in order to represent and find optimum predictive wavelengths and ratios based
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on N and LF applications and to improve the existing predictive models for 
bermudagrass over time. First derivative estimates (red edge peak (A ,re) and its area 
(E^Re (680-780))) were also tested for further interpretation. On a weekly basis, and over 
the entire data set, none of the adjusted r  ̂values from the predicted spectral models 
based on N, LF or their combinations were significant (< 15). As shown in Tables 
(11, a, b c,), all the results were confined to steady state conditions where the weekly 
amounts of N and LF were unchanged [(HSN) 12.02 kg/ha'^ /wk, (LSN) 3 kg/ha'^ 
/wk, LLF (-0.15), HLF (+0.15)]. NTR and SRI5 were not included in Table 1 la  
because their coefficients of determination were not significant. All backward 
stepwise regressed spectral variables were predicted from N and LF and their 
combination (N x LF), except for NPCI which was predicted only fromN (p <0.001) 
(Table 1 la) and the two first derivative estimates; A,re and E^re(68o-78o> which were 
predicted formN and from LF treatments (p <0.001) but not from their combination 
(Table 11c).
As found before, under steady state conditions, analysis o f variance on vegetation 
indices (NDVI3, WBI2, and NC4) showed that N and LF including their interaction 
all affected the spectral reflectance values estimated by these vegetation indices. 
However, NPCI separated by N and by LF, but not by N x LF. On the other hand, 
ANOVA showed a significant difference in spectral reflectance at 450, 504 and 555 
nm based on N, LF and N x LF, while R660 and R680 showed separation only by N. 
The red edge peak and its area were found to be significantly separated by N and by 
LF (p <0.001) but not by N x LF (Table 5).
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All tested vegetation indices were predicted with r  ̂values ranging from 0.26 to 0.66. 
Whereas, five o f the six individual wavelengths (450, 504, 660, 680 and 700 nm) 
were predicted with r  ̂values higher than 0.50 (Table 11b). On the other hand, both 
first derivative variables were predicted from N and LF (but not from N x LF) with r̂  
values of 0.46 for Xre and 0.44 for E^re(68o-78o) respectively, both higher than the r  ̂
values of NPCI and WBI2 (Table 1 Ic). N, LF and N xLF accounted for 66% and for 
65% of the variability in predicting NC4 and NDVIl values respectively, under 
steady state conditions. NC4 and NDVIl were previously found to be predictable 
from the measured biological variables (plant and soil variables) with the highest 
coefficients of determination (r  ̂= 0.79 and r  ̂= 0.73 respectively) (Table 7). The 
same predictors (N, LF and N x LF) counted for 62% and 58 % of the variability in 
predicting bermudagrass canopy reflectance responses at 660,680 and 700 nm under 
steady state conditions. In this case, plant and soil variables performed better than N, 
LF and N x LF in predicting reflectance at 700 nm. On the other hand, ANOVA 
previously indicated differences in reflectance at 902 nm based on N (p = 0.021) and 
LF (p = 0.017) treatments but backward stepwise regression analysis showed that 
reflectance at 902 nm cannot be predicted from any of the measured plant and soil 
variables or from N, LF or N x LF.
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CHAPTER V 
DISCUSSION
From the results outlined in this study, we have shown that weekly N fertilization 
rates and irrigation regimes (based on LF) and their interaction (N x LF) had a significant 
effect on most of the spectral variables (individual wavelengths, vegetation indices and 
first derivative parameters) and biological variables (soil and plant parameters) of hybrid 
bermudagrass. The effects varied when analyzed on a weekly basis vs. steady state 
conditions vs. the entire data set over the two year period in terms of the factor (N, LF 
and/or N x LF) and the level o f significance. Based on analysis of variance, the overall 
results (steady state conditions and the entire data set over the 2 year period) showed that 
interaction between N and LF generally had a lower effect on canopy reflectance than 
either of the individual treatments. The interaction of N x LF mainly affected VIS 
reflectance in the green and the red (between 700 and 715 nm), ( p <0.001 and p <0.05) 
contrary to Li et al. (2001) who found that N and irrigation interaction mainly affected 
NIR reflectance of cotton (p <0.0027). LF had less of a significant effect on spectral 
reflectance in the NIR than in the VIS. On the other hand, among all first derivative 
parameters, only red edge peak (X.re)  and the maximum chlorophyll absorption 
wavelength in the VIS (green) and area of the red edge E^re(68o-7so) significantly 
separated by N and LF under steady state conditions and under the entire 2-year data set
(p <0.001).
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We were able to identify both N and water stress on plant and soil parameters at 
various times during the experimental period. The effect of water treatment was apparent 
on all parameters we used to assess water status in the soil and at the leaf and canopy 
level. On August 22, 2002, soil moisture content (theta), soil matric potential (\|/m ), leaf 
xylem water potential (\j/<a), Tc - T& and tissue moisture contents (TM), all showed a 
distinct separation between LLF and HLF treatments especially between the two extreme 
treatments HSN HLF and LSN LLF (Figures 84 to 87). The effect o f N was obvious on 
total tissue nitrogen and chlorophyll index, showing a clear distinction between high and 
low N treatments regardless o f the combined water treatment (Figure 88 and 92). Over 
the entire experimental period, total tissue nitrogen content (TN) separated based on high 
or low N treatment (Figures 5 to 7). Tissue samples from the HPN LHLF and HIN LHLF 
had the highest tissue nitrogen concentration (Figure 8 and 10). However, the extent of 
each separation was driven by the combined water treatment. Tissue nitrogen contents in 
plants grown at low water and high nitrogen (HSN LLF), (Figure 7) were coitparable to 
those grown under high N and high LF (HSN HLF),(Figure 5). This may be due to the 
decrease in growth at low water and an increase in N accumulation in plant tissues driven 
by the reduction in N utilization by the plant (concentration effect). This also suggests 
that by coirq)aring high N and low N treatments under similar irrigation treatments, N 
treatments determined bermudagrass growth more than water treatments. This is similar 
to the findings o f Stroup et al. (2003) on switchgrass {Panicum virgatum L.) under two 
levels o f N treatments (high and low) and two levels of water treatments (well watered 
and deficit conditions).
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In the conparisons presented in figure 12 between reflectance spectra 
corresponding to all N and LF combinations fi'om the measurement day of July 18, 2002, 
showed that high N plots were well discriminated fi'om low N rate plots under the same 
water treatment. High N plots had a higher NIR reflectance than low nitrogen plots and a 
lower visible reflectance. This is similar to the finding of Filella et al. (1995) who found 
that the NIR reflectance bands provide better discrimination between N fertilization 
levels on well developed winter wheat canopies. This is also similar to the results of 
Trenholm et al. (2000) who reported a consistent high reflectance of hybrid 
bermudagrass and bentgrass (Agrostis palustris Huds) in the VIS at low nitrogen rates; 
and to the finding of Yoder and Pettigrew-Crosby (1995) who stated that low nitrogen 
treatments show high visible reflectance due to a decrease in chlorophyll content caused 
by low fertilization. This discrimination between N treatments was also obtained in the 
first derivative curves (Figures 14 and 15). According to Horler et al. (1983) chlorophyll 
content that causes scattering properties are responsible for the position and shape of the 
red edge peak (X,re) . Water stress (when it’s well developed) has also been found as 
another factor that could affect the shape of the red edge (Peftuelas et al. 1993), because 
water stress affects spectral features in the NIR and therefore scattering changes. This 
was demonstrated in our study by the shift of the red edge towards longer wavelengths 
(NIR) as shown at high N under LHLF or HLF, while clear shift towards the VIS range 
of the spectrum was shown under LSN and LLF (Figure 13).
Spectral discrimination between the different LF treatments was better achieved 
when comparing high N fertilized plots under HLF or LHLF with low N fertilized plots 
under LLF. Once again, this discrimination was driven by the level o f combination
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between N and LF. We also showed the effect of all treatment combinations on canopy 
reflectance of bermudagrass for the entire experimental period at specific wavelengths in 
the VIS green (450, 504, 550 and 555 nm), VIS red (660, 680 and 700 nm) and NIR (790, 
902 and 970 nm). We found a significant difference in canopy reflectance in the VIS and 
NIR between high N and low N when LF was unchanged (steady state conditions)
(Figure 23). This difference was even higher in the case between HSN HLF vs. LSN LLF 
where we found a 13% difference in reflectance in the NIR (790 nm) and 5% difference 
in the VIS (450 nm). This suggests that the difference in nitrogen treatments was driving 
most of the variation in the spectral reflectance. This was proven through analysis of 
variance, which showed that N treatment always had a significant effect (p <0.001) on 
spectral reflectance at specific wavelengths in the VIS and NIR. However, under 
extreme water stress (LLF), canopy reflectance in the VIS (green and red) was most 
affected. This was similar to the findings of Fenstermaker-Shaulis et al. (1997) who 
found that low LF (0.05) primarily affected VIS reflectance in tall fescue {Festuca 
arundinacea Schreb). This was also similar to the findings of Carter (1993) who reported 
that the green and the red portions of the visible spectrum are the most sensitive to water 
stress. In our case LLF treatments were combined with HSN or LSN treatments, enabling 
us to demonstrate the main effect of low irrigation in the VIS (LSN LLF) and the main 
effect of high nitrogen fertilization (HSN LLF) in the VIS and in the NIR. Our results 
contradict those reported by Li et al. (2001) who found that irrigation treatments on 
cotton affected spectral parameters only in the NIR (P <0.0012) and N treatments had no 
effect on the spectral parameters. This may be due to the wavelength range they used
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(447 to 1752 nm) or because their results were based on two single day measurements 
over a 2 year study period.
Results of ANOVA and regression analysis showed variability in the significance 
of treatments effects on spectral reflectance and on plant and soil variables over time. 
Those variations were not only due to experimental conditions but also to other factors 
associated with field conditions and environmental changes that can lead to seasonal 
changes in many physiological and canopy characteristics. Past research has shown that 
problems exist when conparing treatment effects over time (especially when spectral 
reflectance measurements are used), making conparisons throughout the entire 
experiment very difficult (Filella et al. 1995; Dawson et al. 1998; Gamon et al. 1998; 
Pattey et al. 2001). Vegetation indices can be altered by soil background, moisture 
conditions, illumination conditions, view angle and atmospheric conditions, in conplex 
ways (Jackson and Huete 1991). Cohen (1991), found a tenporal variation in reflectance 
of the full leaf sanple associated with changes in water stress for two of three plant 
species when measured under laboratory conditions. Although, laboratory measurements 
are different from field conditions, we also noticed variation in the effects of water stress 
(LLF) on canopy reflectance of bermudagrass at the canopy level (data not shown).
According to Guan and Nutter (2001), the major factors affecting reflectance 
measurements taken at the canopy level include the amount of incident radiation, sun 
angle, leaf wetness and sensor height. In our case we used an artificial light as an 
illumination source with the same intensity (1036 to 1084 W/m'^) as natural light. Plus, 
all our measurements were taken at the same height. Spectral reflectance o f plant 
canopies can also be influenced by leaf scattering, soil background and canopy
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architecture. In our case, spectral signals from bermudagrass canopies is an integration of 
the spectral response from all leaves and background conponents. Multiple spectral 
reflectance measurements obtained from each plot accounts for some of the variability in 
the overall reflectance measurements over time. All these factors have to be accounted 
for when quantitative conparisons of the status o f plant health are to be assessed.
Changes in canopy reflectance was due in part to environmental conditions, but we 
believe the changes were mainly due to differences in soil background, and differences in 
growing stages as a result of the imposed treatments over time.
Stepwise regression analysis for steady state conditions and for the entire 2 year 
data set, revealed predictive equations (based on measured plant and soil variables) 
similar in some respects to N and or water content but they were different in other ways. 
All predicted equations for selected wavelengths and vegetation indices were significant 
at p <0.001. Most of the coefficients of determination were >0.50 under both the steady 
state conditions and for the entire 2 year data set. Canopy reflectance at 680 nm, SI2 and 
NDVI3 were highly predicted from the same plant variables under the steady state 
conditions and when all the treatment combinations were included (dry biomass replaced 
tissue nitrogen when the 2 year data set was analyzed), (Tables 7 and 9). This suggests 
that SI2, NDVI3 and canopy reflectance at 680 nm are reliable and good indicators of 
bermudagrass N and water status under various treatment combinations. On the other 
hand, PRI3 worked better under steady state conditions. PRI3 was predicted primarily 
from TN and TN x TM (r^= 0.73***) while canopy chlorophyll index counted for 42 % 
of the variability in the prediction of PRI3 when cyclic conditions were included. WBI2 
was predicted from soil and plant status under steady state conditions (theta and leaf
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xylem water potential), (r  ̂= 0.63***), but when cyclic treatments were included, the 
number of predicted variables increased (10 variables) and included most of the 
parameters used to assess water status and tissue nitrogen content, (r  ̂= 0.65***). This 
finding suggests that WBI2 is sensitive to the imposition of many treatment combinations 
and that many variables contribute to its response. This also confirms that WBI primarily 
assesses water content but it is not independent fi'om the interaction between N and LF. 
Reflectance at 700 nm was predicted mainly from chlorophyll and N variables (TN x 
TM), chlorophyll index and soil matric potential ( v| / m )  under both steady state and full 
data set conditions with high coefficients of determination (r  ̂= 0.84*** and 0.63*** 
respectively). Reflectance at 700 nm showed a good threshold relationship with canopy 
color ratings under steady state conditions (r  ̂= 0.53***), (Figure 54) and an exclusive 
correlation with the chlorophyll index (r  ̂= 0.68***), (Figure 78) and chlorophyll 
concentration (r  ̂= 0.45***), (Figure 79) under the entire data set. As shown in Figure 
54, below the threshold, canopy reflectance increases at this specific wavelength (700 
nm) with the decrease in canopy color rating; explaining the general tendency of N and 
water stress to reduce bermudagrass chlorophyll concentration. This finding confirms the 
mounting evidence demonstrated in the literature describing the change in reflectance 
near 700 nm which corresponds to the steep slope of the reflectance curve known as the 
red edge inflection point located at the wavelength where first derivative reflectance is 
maximum. This was clearly shown in the first derivative reflectance curves (Figures 13, 
14 and 15). Furthermore, the red edge has always been related to plant stress 
corresponding to the alteration o f leaf chlorophyll concentration (Horler et al. 1983; 
Penuelas et al. 1994; Gitelson et al. 1996). The relationship of bermudagrass canopy
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reflectance at 700 nm with canopy color ratings and plant chlorophyll status in our study 
is supportive of the findings o f Carter and Knapp (2001) who suggested that changes in 
reflectance at wavelengths near 700 nm are crucial for plant stress detection and the 
estimation of leaf chlorophyll concentration.
Over the entire experimental period, plant and soil variables were predicted by a 
series of narrow wavelengths fi’om the VIS and NIR. Backward stepwise regression 
produced a set of wavebands that accounted for a percentage of the variability in the 
dependent variable. The accepted wavelengths whether for steady state conditions or for 
the entire 2 year data set do not necessarily include all wavelengths that might be highly 
correlated with the measured plant and soil parameters, especially those related to 
nitrogen or water status. We also don’t know to what extent every selected wavelength 
really contributes to the prediction of the tested variables. According to Yoder and 
Pettigrew-Crosby (1995), stepwise regression might strongly eliminate some of the 
wavelengths that correlate with nitrogen or chlorophyll and that not all selected ones will 
have relatively high correlation with both parameters.
According to White et al. (2000), prediction of canopy nitrogen under field 
conditions should be done with high sanqjle size and a low number of wavelengths in 
order to increase the prediction accuracy. However, Jacquemoud et al. (1995) stated that 
inclusion of more wavelengths will increase model prediction but it’ll cause the problem 
of over fitting when the sample size is low. Grossman et al. (1996) questioned the 
meaning of high coefficients of determination (r^'s) when stepwise regression relates leaf 
biochemistry data (such as nitrogen content) to spectral reflectance on data sets 
containing fewer samples than initial wavelengths. In our study, stepwise regression
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produced moderate to significant values. Plus, our sarrçle sizes (80 and 200) were 
higher than the number of the regressed wavelengths (38). All these wavelengths were 
not randomly selected, but they were based upon the typical spectral signals observed 
between 400 and 1050 nm over the entire experimental period and were based on the 
proven relationship in the literature between those wavebands and the characteristics of 
the dependent variables being examined.
The wavelengths used to estimate plant and soil parameters changed when data 
was separated based on steady conditions vs. the entire 2-year data set (when cyclic 
conditions were included) indicating the inpact of variable treatment combinations. We 
assumed that prior to the experiment; the patton of change in the spectral response 
between different weeks under the same treatment combinations would be similar. 
Osborne et al. (2002b) found that specific wavelengths for estimating N concentration 
and chlorophyll meter values (SPAD) varied based on sampling date and varied 
according to the growth stage. Under the conditions of our experiment, a high number of 
selected wavelengths were found to predict plant and soil parameters for the 2 year 
period. From a practical perspective, it may be difficult to transfer and use so many 
wavelengths under field conditions for rapid N and water assessment of bermudagrass, 
even though some of these wavelengths (450, 504, 550, 555,660,680, 700 nm) were 
found to be highly correlated with plant and soil variables when linear regression 
equations were generated. For example, the prediction o f TN increased as the number of 
predicted wavelengths and sample size increased (r  ̂increased fi’om 0.44*** to 0.59***). 
We believe that the accuracy of predicting tissue nitrogen increased with a larger robust 
data set that included cyclic and steady state treatments. Under various combinations of N
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and LF, we found that tissue nitrogen which was exclusively separated by N treatments 
was predicted from wavelengths in the green (504 nm), red (600,660 and 693 nm) and 
NIR (730, 800, 945 and 975 nm), (r  ̂= 0.59***, p <0.001). However, so too was plant 
water status, indicating that separation of a nitrogen response from a water response may 
be difficult.
Trenholm et al. (2000) found that multispectral data accurately correlated with 
quantitative data used in turfgrass research (color and density). In our study, moderate to 
strong correlations between canopy spectral measurements of bermudagrass and plant 
and soil parameters also occurred. However, first derivative parameters were poorly 
correlated with the tested plant variables even with those related to nitrogen or 
chlorophyll. Furthermore, first derivative measurements didn’t improve any of the 
correlations or prediction models between spectral data and plant and soil parameters. 
Stepwise regression showed that the area of the red edge E^re(68o-78o) , and the maximum 
chlorophyll absorption wavelength in the VIS (green) were not strong predictors of tissue 
nitrogen concentration (TN) under steady state conditions or TN x TM under both 
steady and cyclic conditions over the entire experimental period (r  ̂= 0.32*** and 
0.33***, respectively); conpared to the correlation with the chlorophyll index under 
steady state conditions (r  ̂= 0.64***) where the red edge peak (A«e) significantly 
improved this prediction (p <0.001). Filella and Penuelas (1994) reported high 
correlation between red edge measurements (anplitude, wavelength and area) and leaf 
chlorophyll content in peppers {capsicum annum) and beans {Phaseolus vulgaris) under 
different water andN availabilities. Filella et al. (1995) also found a significant
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correlation between red edge anplitude and its area and canopy chlorophyll content of 
wheat under various N treatments.
Curran et al. (1990) and Demetriades-Shah et al. (1990) found that Xre to be a 
poor indicator of chlorophyll at the canopy level due to soil background. Whereas, Filella 
and Penuelas (1994), also found a poor correlation at the canopy level because of a low 
range in measured chlorophyll. In our case, we didn’t  find any correlation between ^re 
(or any of the measured first derivative parameters) and chlorophyll parameters 
(chlorophyll index and chlorophyll concentration). We justify this by the wide range of N 
and LF combinations, which in some cases created a soil background effect, especially 
under N and water stress where chlorophyll content was expected to be very low. This 
lack of correlation between first derivative data (specifically red edge parameters) and 
plant variables may be due to the fact that our data was acquired at the canopy level and 
not at the leaf level as reported Danson et al. (1992) and Curran et al. (1995). However, 
Penuelas et al. (1994) and Filella et al. (1995) reported few correlations at the canopy 
level based on a small number of observations. Rollin and Milton (1998) and jiang et al. 
(2003) also reported correlations based on manipulated first derivative measurements that 
removed random noise and reduced fluctuating data as did Yoder and Pettigrew-Crosby 
(1995) over special canopies having invariable biomass or being optically thick. Horler 
et al. (1983) suggested that red edge measurements should be independent of ground 
cover variations and suitable for early stress detection. Under our experimental 
conditions, we couldn’t  control canopy cover variation over time because of the varying 
N and LF combinations imposed, which increased variability, unless single day 
measurements were isolated.
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Evaluation of canopy reflectance at specific wavelengths, showed that 
wavelengths in the green (450-555 nm) and in the red (660-700 nm) were significant 
predictors of water and nitrogen status of bermudagrass based on single day 
measurements and significant predictors of N and chlorophyll status under steady and full 
2 year data set over the experimental period. Our results are similar in part to the finding 
of Thenkabail et al. (2000) who reported a strong relationship between reflectance at 
wavelengths in the green (500-550 nm), red (650-700 nm) and crop characteristics. This 
was also similar to the findings of Carter and Miller (1994) where wavelengths in the 
narrow range of 690-700 nm were useful in early stress detection of a number of plant 
species. Filella et al. (1995) also found that reflectance at 550 nm and 680 nm correlated 
with canopy chlorophyll content o f wheat. In our study, we found that wavelengths in 
the red region of the spectrum (660, 680 and 700 nm) showed a curvilinear relationship 
with the chlorophyll index. Reflectance at 680 nm also showed a significant curvilinear 
relationship with canopy color rating (r  ̂= 0. 84***) on August 22,2002 (Figure 46) with 
a threshold relationship (i^ = 0. 52***) for the 2 year data set (Figure 77). Reflectance at 
700 nm also showed a threshold relationship with canopy color ratings, but only under 
steady state conditions (i^ = 0. 53***) (Figure 54). These relationships with chlorophyll 
index and canopy color ratings are similar to those of NDVI3. This may be partly 
explained by the fact that NDVI3 [(R750 - R705) / (R750 + R705)] and the chlorophyll 
meter, both use a narrow wavelength fi'om the red portion of the spectrum (705 and 700 
nm). Reflectance in the visible blue and green (450-555 nm) and visible red (660-680 nm 
and 700nm) regions of the spectrum were correlated with N, canopy chlorophyll index 
and canopy color ratings for the 2 year data set; associated with the known strong
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absorption by chlorophyll pigments in the green and red portion of the visible range. Datt 
(1998) found maximum sensitivity o f reflectance to variation in pigment content of 
Eucalyptus leaves in the green region at 550 nm and far-red region at 708 nm. Whereas, 
he stated that the main pigment absorption regions in the blue (400-500 nm) and red 
(660-690 nm) wavelengths were insensitive to variation in pigment content.
Fenstermaker- Shaulis et al. (1997) found a strong correlation between NDVI and 
canopy color rating (r  ̂= 0.74***, n = 25) and tissue moisture content (r  ̂= 0.90***, n 
25) with irrigated tall fescue. We found similar correlation between NDVI3 and tissue 
moisture content (r  ̂= 0.56*** n = 12) and NDVI3 and canopy color rating (r  ̂-  0.66*** 
n = 12) on August 22,2002. It is important to note that NDVI3 showed a linear 
correlation with canopy color rating when single day measurements were evaluated, but 
when all the data were considered for the 2 year period, this correlation showed a strong 
threshold relationship (r  ̂= 0.64*** n = 194), (Figure 56). Analysis of the data also 
showed that a color rating value of approximately 8.5 represented a threshold value 
corresponding to a low NDVI3 estimate of canopy greenness, which would be directly 
correlated to chlorophyll or nitrogen deficiency. NDVI3 values between 0.6 and 0.8 
corresponded to high color ratings (>9) and to healthy bermudagrass. This threshold 
relationship might assist in early detection of both N and water stress since color is the 
direct result of the interaction of both of these factors. However, it is important to 
mention that, color rating is not always an indication of full cover, which means that one 
has to be cautious when interpreting the relationship between NDVI and canopy color 
rating for management decisions on turfgrass, especially since NDVI is insensitive to 
dense cover. Bell et al. (2002b) used a vehicle mounted optical sensor to measure
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reflectance of tall fescue (festuca arundinacea Schreb) and creeping bentgrass {Agrostic 
palustris Huds) in the red at 671 nm and NIR at 780 nm. They found a nonlinear 
correlation between NDVI and color and percent live cover for both grasses (r  ̂= 0.75 
and r  ̂= 0.41 respectively). This nonlinear correlation was used to develop multiple 
regression equations that predicted NDVI from visual color and percent live cover 
ratings. However, these relationships lacked a threshold value.
NDVI3 was not found to be a strong predictor of tissue nitrogen concentration 
under all treatment combinations over time (r  ̂= 0.31*** n = 169), (Figure, 58) but it was 
found to be a good predictor of chlorophyll concentration (r  ̂= 0.46*** n = 30), (Figure, 
57). These results were similar to those of Adams et al. (1999) who found a correlation 
between NDVI and leaf chlorophyll concentration of soybean leaves. The relationship 
between NDVI3 and chlorophyll index was highly significant over the entire 
experimental period (one week: r  ̂= 0.88*** n = 20, steady state: r  ̂= 0.77*** n = 80,2 
years: r  ̂= 0.75*** n = 20). However, in our study the relationship between NDVI3 and 
chlorophyll concentration was linear (Figure 57), but it lost its linearity and became 
curvilinear when correlated with canopy chlorophyll index estimated by the chlorophyll 
meter (CM 1000). NDVI3 increased with increasing chlorophyll meter readings until it 
became insensitive to chlorophyll index readings above 400, which corresponded to high, 
color and cover ratings. This finding may be related to the problems associated with 
using NDVI for dense canopies (Serrano et al. 2000). Similar findings were reported by 
Datt et al. (1998) who reported NDVI to be insensitive to high and medium chlorophyll 
concentrations. This partially explains why NDVI3 lost its linearity when correlated with 
canopy chlorophyll meter readings that included high estimates of canopy chlorophyll
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index. These resuhs all suggest that NDVI3 is a sensitive index to low CM 1000 readings 
(below 400) and an insensitive index to various N and LF treatment combinations.
WBI2 showed a significant linear correlation with canopy color rating (r  ̂= 0. 
56***, n = 20), (Figure 35) and tissue moisture contents (r  ̂= 0. 76***, n = 12), (Figure 
36) and canopy chlorophyll index (r  ̂= 0. 52***, n = 80; r  ̂= 0. 55***, n = 200), (Figures 
51 and 63). WBI2 didn’t show a curvilinear relationship with chlorophyll index possibly 
because it uses wavelengths only in the NIR (902 and 970 nm), while NDVI3 uses a red 
wavelength (705 nm) close to that used by the chlorophyll meter (700 nm). WBI2 also 
showed a threshold relationship with canopy color rating (r  ̂= 0. 44***, n = 200), (Figure 
64), but the amount of variability that could be accounted for using WBI2 was less than 
that forNDVI3.
NC4 was superior to NDVI3 in its correlation with tissue nitrogen (r  ̂= 0. 44***, 
n = 169), (Figure 60). It was also a good predictor of canopy chlorophyll index for the 
single day measurement data set (r  ̂= 0. 75***, n = 20), the steady state data set = 0. 
62***, n = 80) and the entire 2-year data set (r  ̂= 0. 64***, n = 200). PRI3 also 
correlated with the same parameters as NC4 (tissue nitrogen, chlorophyll index, tissue 
nitrogen x tissue moisture and chlorophyll concentration) when all treatment 
combinations were used. NC4 is a simple ratio that uses two wavelengths in the red and 
NIR regions of the spectrum (NC4 = R730/R860), while PRI3 is a normalized index that 
uses two wavelengths both from the green region of the spectrum (PRI3 = (550 -531)/ 
(550 + 531). This comparable relationship between NC4 and PRI3 confirms that both 
VIS and NIR wavebands are valuable in assessing nitrogen status. Osborne et al. (2002b) 
found that the green and NIR regions o f the spectrum were best at estimating total N and
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biomass in com, without water stress. Under the conditions of our experiment, NC4 and 
PRI3 correlations with chlorophyll and N parameters could not be separated from the 
water status of the plant.
Jiang et al. (2003) found that the stress index R693/R759 was significantly 
correlated with canopy tenperature (r  ̂= 0. 40, p<0.001) and with turf quality of seashore 
paspalum (r  ̂= 0. 79, p<0.001). However, we found correlations only with another 
version of the stress index used by Jiang et la. (2003); SI2 (R693/R765) which showed a 
negative curvilinear correlation with canopy color ratings (r  ̂= 0. 74***, n = 20) and 
canopy chlorophyll index (one week: r  ̂= 0. 90***, n = 20,2 years r  ̂= 0. 64***, n = 
200). However, the curvilinear relationship with canopy color ratings might be partially 
explained by the narrow range of canopy color ratings (8.8 to 9.6). It appears that NDVI3 
works better than SI2 under high canopy color ratings because it showed a straight linear 
relationship on the same measurement day (August 22,2002). SRI 5 also showed a 
curvilinear correlation with the chlorophyll index (r  ̂= 0. 50***, n = 200), (Figure 70) 
and a threshold correlation with canopy color with r  ̂values similar to WBI2 (r  ̂= 0. 
44***, n = 200), (Figure 71).
Changes in canopy tenperature (Tc) or differences between canopy temperature 
and ambient tenperature (Tc - T&) are variables that could be used for evaluating the 
response of plants to water deficit conditions. Correlations between spectral data and Tc 
or Tc -Ta were relatively weak (r  ̂< 0.20) when assessed over the entire experimental 
period. However, some correlations could be found when weekly data were evaluated 
solely (as for August 22,2002), because the changes in canopy temperature were 
relatively small for most measurements when data were combined for all of the various
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treatment combinations. Our results showed a difference of 8 °C between HSN LHLF and 
LSN LLF on August 22,2002, indicating that high temperature differentials could be 
detected only under extreme water limitations, especially when combined with low 
nitrogen. Absence o f strong correlations between spectral data and canopy temperature 
may also be partially explained by the fact that bermudagrass is a C4 species that is both 
a drought tolerant (Dean et al. 1996) and a salt tolerant species (Devitt, 1989).
Penuelas et al. (1993) found that R970/R900 water index correlated with leaf 
water potential under two different water treatments, but Tc - T» only correlated with the 
water index when the water stress was well developed. These results are supportive of the 
good correlations we found on August 22 2002 between WBI2 and canopy tenperature 
(Tc) (i  ̂=0.56***) and between WBI2 and tissue moisture content (r  ̂= 0.76***). During 
August, water stress reduced leaf water potential by -0.91MPa (from-1.1 MPa (HSN 
HLF) to -2.01MPa (LSN LLF), (Figure 86). These results suggest that WBI2 is not a 
good indicator of moderate to low water stress typical of golfcourse conditions. Based on 
the results o f our study, high N partially conpensates for the plant response under low or 
cyclic irrigation, making it hard to detect or discern water stress (if it exists) from N 
stress, because we could not separate N and LF even when contrasting HSN LLF with 
LSN HLF. This observation may partially explain the variation in the spectral response 
over time. Under steady state conditions or when the entire data set was analyzed, WBI2 
didn’t correlate with soil or plant water status, possibly because greater variability exists 
in water stress when all treatment interactions are combined over a long period of time. 
However, when measurements are obtained on a single day, less variability may exist 
within treatment combinations. However, stepwise regression analysis showed that WBI2
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was significantly predicted fi’om water parameters (theta and ij/o,), (r  ̂= 0.63***, p 
<0.001) under steady as well as under the entire 2-year data set (r  ̂= 0.65***, p <0.001).
Bell et al. (2002a) found a good correlation between NDVI and six nitrogen 
treatments (r  ̂= 0.98) for bentgrass. Plant et al. (2000) found that both water and N stress 
altered plant reflectance and decreased NDVI values. Li et al. (2001) found that 
irrigation treatments on cotton plants significantly affected NDVI. In our case, analysis of 
variance showed that N and LF as well as Nx LF significantly affected NDVI3 values (p 
<0.001, p = 0.005 respectively). Plus, we showed that NDVI3 was a good predictor of 
bermudagrass moisture status and nitrogen as well as chlorophyll index. NDVI is usually 
affected by structural and color change (loss of pigments) of drying plants and therefore it 
is directly related to water concentration of living plants (Penuelas et al. 1997c). 
Furthermore, Plant et al. (2000), enphasized that the effect of water stress on NDVI may 
be primarily an effect of cumulative water stress rather than instantaneous stress.
Spectral reflectance at 680 nm and 700 nm, NDVI3 and WBI2, were strongly 
correlated to color and chlorophyll concentration throughout the entire 2 year period. 
These wavelengths and indices all produced a color rating threshold which can be useful 
in scheduling N fertilization and /or irrigation. Similar results were reported by 
Rodriguez and Miller (2000) who found that NIR reflectance (NIRS) produced a color 
rating threshold for bermudagrass. They found that the threshold value o f color rating 
was very useful in scheduling N based on visual ratings. These results also demonstrate 
that the threshold correlation between NDVI3 and canopy color ratings is not due to the 
normalized nature of this index but to the combined features of the red and NCR that are
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sensitive to both N and water stress. Using a color rating threshold is of practical 
significance because these estimations are easily made.
We found that both vegetation indices; NDVI3 and WBI2, worked very well 
under the conditions of our experiment in assessing water and nitrogen status over time 
because both indices use two bands from the NIR already known to be affected by N and 
water status. The threshold relationship with canopy color rating and the relationship with 
the chlorophyll index was because of the relationship between greenness and tissue 
moisture content o f the vegetation. Because of the simplicity o f both indices and their 
proven effectiveness as reported in the literature and in this study, we developed a ratio of 
WBI2/NDVI3 to test for possible increased correlations, especially with water 
parameters. We found that, WBI2/NDVI3 didn’t enhance the previous linear correlations 
made with WBI2 or NDVI3. Probably because the index combines two indices, one that 
is internally normalized (NDVI3) while the other one (WBI2) uses two wavelengths from 
the same range (NIR). However, we found that WBI2/ NDVI3 was predicted from the 
same parameters as NDVI3 (dry biomass, TN, TN xTM, TM, canopy chlorophyll index) 
but not from the parameters found to predict WBI2 when all treatment combinations were 
used over the entire experimental period (Table 9), with the coefficient o f determination 
increasing from 0.65*** to 0.69***. Penuelas et al. (1997c) found that WBI/NDVT 
increased the correlation of WBI with plant water concentration in species that had 
significant changes in NDVI throughout the year.
Past research has shown that the chlorophyll estimates using a SPAD meter were 
correlated with changes in leaf N concentration and were effective in detecting N 
efficiencies in irrigated com (Blackmer and Schepers 1995; Bausch and Duke, 1996). In
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our study, SPAD measurements were poorly correlated with all of the spectral 
measurements. This is due in part to the fact that SPAD leaf chlorophyll meter is most 
effective under field conditions, when readings are expressed relative to an in- field area 
having non limiting amounts o f N (Blackmer et al. 1996b; Bausch and Duke 1996). This 
indicates that SPAD measurements are incapable of assessing nitrogen status under low 
or incremental N treatments especially when combined with cyclic or steady irrigation as 
in our case, which makes it difficult to conpare readings from different growth stages, or 
from different locations throughout the season. Plus, SPAD measurements are point 
measurements on a single leaf on a single plant, which requires a large number of 
measurements (especially with turfgrass) to obtain an average representative value. On 
the other hand, we got strong correlations between chlorophyll meter CM 1000 and most 
measured parameters especially with nitrogen and chlorophyll parameters. CM 1000 is a 
non-destructive tool that has the capability of sampling a group of pants rather than a 
single point on a single plant based on recording ambient and reflected light in a 
R840/R700 ratio. We also found no correlation between SPAD measurements and CM 
1000 measurements (data not shown) which confirms the limitation of applying 
measurements taken at the leaf level with those taken at the canopy level especially under 
field conditions. We conclude that the CM 1000 is a powerful tool that can be used under 
field conditions to detect variations in chlorophyll and nitrogen status of turfgrass under 
various application treatments. Ground based spectroradiometers can be used to 
accurately predict the nitrogen status instantaneously, which may enable effective N 
fertilization adjustments.
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In this study, ground based measurements o f narrow band canopy reflectance of 
hybrid bermudagrass under various combinations of N and LF s, were found to be 
quantitatively related to plant and soil parameters. Manipulations of canopy reflectance 
signals allowed us to generate vegetation indices that quantitatively assessed the temporal 
variability in the spectral response. Those indices significantly assessed the water status 
(WBI2) or nitrogen status (NC4, PRI3) of bermudagrass separately or simultaneously 
(NDVI3). Individual wavelengths in the red portion of the spectrum (680 and 700 nm) 
were also found useful in assessing both N and water status of bermudagrass. Using the 
threshold WBI and NDVI relationships with canopy color ratings, simultaneously with 
the chlorophyll meter (CM 1000) can be a powerfiil and accurate tool for turfgrass 
mangers in detecting small changes in spectral reflectance at the canopy level when 
assessing nitrogen and/ or water stress, especially for early stress detection before 
physiological alterations occur or color loss occurs.
There is currently a shortage in published research on the assessment of canopy 
reflectance of turfgrass under different nitrogen and LF combinations. The results of this 
study help to address some of this gap in information, based on strong physical 
information acquired over a 2-year period under field conditions. Despite the numerous 
sources of variation in the spectral response, we suggest that in order to enhance turfgrass 
management practices and decrease the unnecessary amounts of water and N being lost, 
an inexpensive ground based spectrophotometer like the one we used in this study could 
be mounted on a movable device (mower or tractor) to be used for rapid and accurate 
detection of N and water deficiencies o f tiufgrass. We also suggest that additional studies 
that investigate the accuracy and reliability o f a ground based spectroradiometer in
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monitoring other turfgrass species should be conducted in order to provide more 
information on the inplications of variable rate applications o f N and LF over time, and 
provide more accurate estimations relevant to turfgrass managers.
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Table 1. Nitrogen and water treatments used in the experiment.
Date (wk) HPN
N-treatments Ikg/ha’l 
HSN HIN LPN LIN LSN
Water treatmmts ILF) 
HLF LHLF LLF Treatment combinations
week 1 72.1 12.02 3.41 18.02 0.86 3 0.15 -0.25 -0.15 HPN X LHLF
week 2 0 12.02 6.83 0 (.72 3 0.15 -0.15 -0.15 HSN X HLF
weeks 0 12.02 10.24 0 258 3 0.15 -0.05 -0.15 HSN X LHLF
week 4 0 12.02 13.65 0 3.44 3 0.15 0,05 -0.15 HSN X LLF
week 5 0 12.02 17.06 0 4.3 3 0.15 0.15 -0.15 LPN X LHLF
week 6 0 12.02 20.48 0 5.16 3 0.15 0.25 -0.15 LSN X HLF
LSN X LHLF 
LSN X LLF 
HINx LHLF 
LIN X LHLF
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Table 2. Some indices used in this study with formulation and reference.
00
Vegetation Index name Abbreviation Formulation Estimated physiological parameter Reference
Simple Ratio SR (R800/R660) Green biomass Pefluelas and FileUa, 1998
Water Band Index WBI (R900/R970) Water content Pefiuelas et al. 1997c
Photochemical Reflectance Index PRI (R531 - R570) / (R531 + R570) Xanthophyll activity Peftuelas et al. 1995; Gamon et al. 1998
Normalized Difference Vegetation Index NDVI (R750 - R705) / (R750 + R705) Chlorophyll content Gamon and Surfils, 1999
Structural Independent Pigment Index SfPI (R800 - R445) / (R800 - R680) Carotenoids / Chlorophyll a ratio Sims and Gamon, 2003
Normalized Difference Vegetation Index NDVI (R 935 - R661) / (R935 + R661) Green biomass Trenholm et al. 2000
Water Index WI (R970/R900) Water status Pefluelas et al. 1993; Pefluelas et al. 1996
Pigment Simple Ratio PSR (R430/R680) Carotenoids / Chlorophyll a FileUa et a/. 1995
Photosynthetically Absorbed Radiation PAR (R400/R699) Plant health Gamon et a/. 1995
Normalized Pigment Chlorophyll Index NPCI (R 680 - R430) / (R680 + R430) Total pi gments/chloroph yll Filellaeta/. 1995
Water Band Index WBI (R970/R902) water status Pefluelas et al. 1994
Physiological Reflectance Index PRI (R550 - R530) / (R550 f R530) Diurnal changes in xanthophyll pigments Pefluelas et al. 1994
Structure-Independent Pigment Index SIPI (R800 - R445 / R800 - R680) Carotenoid/chlorophyll a ratio Richardson et al. 2001
Normalized Difference Vegetation Index NDVI (R 900 - R680) / (R900 + R680) Green biomass Pefiuelas and Filella, 1998; Penuelas et a l 1997b
Table 3. Average cumulative irrigation and actual évapotranspiration (ETa) per treatment 
combination of bermudagrass in 2002 and 2003 with standard deviation (Std Dev) 
of two replicates. Average storage values during 2002 based on n = 38 
and during 2003 based n = 8.
Experimental period of 2002
Treatment
combination
2]Irrigation
(cm) ± Std Dev EETa (cm) ± Std Dev Storage (L) ± Std Dev
HSN HLF 88.53 7,88 79.90 1.06 53.09 7.65
HSN LHLF 83.66 1.54 75.82 7.49 44.36 7.08
HPN LHLF 89.78 14.86 81.21 11.74 45.39 2.32
HSN LLF 60.37 2.07 62.90 2.51 44.30 4.20
HIN LHLF 81.07 6.88 65.47 15.30 53.91 0.07
LPN LHLF 74.87 5.76 64.90 5.84 54.52 7.73
LIN LHLF 83.60 2.46 73.63 9.38 53.48 5.57
LSN HLF 91.72 3.90 67.52 5.02 60.10 0.64
LSN LHLF 77.25 6.39 71.39 6.42 48.23 8.99
LSN LLF 44.48 6.49 46.10 1.28 30.22 3.27
Experimental period o f2003
Treatment
combination
%]Irrigation
(cm) ± Std Dev XETa (cm) ± Std Dev Storage (L) ± Std Dev
HSN HLF 12.66 0.86 10.76 0.12 57.36 4.02
HSN LHLF 14.14 2.73 10.55 3.11 52.92 1.28
HPN LHLF 14.91 4.23 12.98 3.52 43.11 7.71
HSN LLF 11.39 0.20 10.22 0.26 47.87 9.04
HIN LHLF 15.54 0.65 12.47 0.17 53.77 1.50
LPN LHLF 20.39 0.38 10.83 10.89 60.71 9.78
LIN LHLF 15.09 3.52 13.11 1.54 51.03 0.25
LSN HLF 14.51 0.79 12.23 3.08 53.27 7.58
LSN LHLF 17.22 0.47 15.81 1.79 43.30 2.37
LSN LLF 10.95 1.88 11.65 0.87 41.63 8.78
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Table 4. Effects of N and LF treatments on individual wavelengths, vegetation indices, first derivative data 
and plant and soil measurements on a weekly basis (df = 19).
3
C/)
o'
00
ON
WEEK SOURCES
[NDVI] PRIl PRI2 VI [WBI] WBIl
VEGETATION 
IF.R PAR
INDICES 
PRI3 NDPI NIR NDVIl NDVI2 PSR NPCI NPCI2
N ns ns ns ns ns ns ns ns * ns ns ns ns ns ns ns
June 20, 2002 LF ns ns ns ns ns ns ns ns ns ns ** ns ns ns ns ns
N >LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns * ** ns ns ns ns ns
July 3, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** »** * *** *** *** ns * ns ** *** ns ns ns
July 18, 2002 LF ns ns ns ns * ns ns ns ns ns ns ns ns
NxLF ** ns ns ns ns ns ns ns ns ns ns ns ns
N *** *** ns ** * ns ** ns ** * ns ** ** * * *
August 1,2002 LF ns ** ns ns ns * ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** ** ns *** *** *** *** ns ** ** ns *** *** * * **
August 22,2002 LF * ns ns ns ♦ ns ns ns ns ns ** ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ** ns ns *** *** ns ns ** ns *** ns ns ns ns
September 5,2002 LF ns * ns ** ns ns ns ns ** ns ns ns ns
N xLF ** ns ns ns ns ns ns ns ns ns ns ** ns ns ns ns
N ns *** * ns ns ns * ns ns ns ns * *
September 19, 2002 LF ns ns * ns * ns ns ns ns * ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns *** ** ns ns ** ns *** * ns ns *** * ♦ *
October 3, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns
N xLF ns ns * ns ns ns ns ** * ns ns ns * ns ns ns
N * ns ** * ** ns ns ♦ ns *** *** ♦ * *
June 12,2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N * ns ** * *** ns ns ns *** ns ns ns
June 26, 2003 LF ns ns * ♦ * ns ns ns ns ** ns 11 s ns
N xLF ns ns ns * ns ns * ns ns ns ns ns ns ns ns ns
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WEEK SOURCES
WB12 PRI4 NDVI3 PRI5 NDM4 NDVI5
VEGETATION INDICES 
ND\T6 NDVI7 NDVI8 NDVI9 NDVI 10 SRI SR2 SR3 SR4 SR5
N ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
June 20, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
July 3, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** ns *** *** *** *** *** *** *** *** *** ***
July 18,2002 LF * ns ** ns ** ns ns ns ns ns
N xLF * ns ** * ** ** ** ** ** ** ns ns ns ns ns
N ns ns ** ns ns ns ns ns ns ns ns * * ** ns **
August 1,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *♦* ns ns ns *** *** *** *** *** *** ns *** *** *** *** ***
August 22,2002 LF * ns ns ns ** ** ** ** ** ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ** ns *** *** ns ns ns ns *** *** *** *** *** *** ***
September 5,2002 LF ns *** ns ns ns ns ns ns ns ns ns ns
NxLF * ns ** ns ns ns ns *** *** *** ns ns ns ns ns
N *** ** *** ** ns ns ns ns ns ns ns ns ns ns ns ns
September 19,2002 LF *** ns ** ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF * * * ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ** *** ns ns *** *** *** *** ** ** ns
October 3, 2002 LF ns ns ns ns ns ns * * * * ns ns ns ns ns
N xLF ns * * ns ns ns * ns ns ns ns ns
N ** ns *** ** *** *** *** ** ** ** ns
June 12, 2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N <LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns *** *** *** *** *** *** *** *** ns
June 26, 2003 LF ** ns ** ns ** * * * * ns
N xLF ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns
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WEEK SOURCES
SR6 SR7 SR8 SR9 SRIO SRll
W.GETATION INDICES 
SR12 SRI 3 SR14 SRI 5 SIl SI2 SI3 NCI NC2 NC3
N * * ns ns * ns ns ns ns ns ns ns ns ns ns
June 20. 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns ns ns ns ns ns ** ♦
July 3, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** *** *** *** *** *** *** *** *** *** *** *** ns ns
July 18.2002 LF ns ns ns ns ns ns ns ns ns * ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ** *** *** ns ns ns
N ** ** * ** ** ns ** ** ** ** ** ** ♦ ns
August 1,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns *** *** ns ns *** *** ns ns ns ns ***
August 22,2002 LF ns ns ns ns ns ns ns ns * ns ns ns ns ns ns *
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** ns *** *** *** *** *** ns *** ** ns ns ns *** *** ***
September 5. 2002 LF * ns * * * * ns ns * ** ns ns ns * ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** *** *** *** *** *** ns ns *** *** *** *** ***
September 19,2002 LF ns ns ns ns ns ns ns ns ns ** *** *** * ns ns
N xLF ns ns ns ns ns ns ns ns ns ** *** *** #** * ns ns
N *** *** *** *** *** ** *** *** ns ns ns ns *** ***
October 3,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns
N ns ns ns ns ns ns ns ns ns * *** *** *** ns ns
June 12,2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns *** ns ns *** *** ** *** *** *** *** * ns
June 26, 2003 LF ns ns * * ns ns * * ** ** ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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WEEKS SOURCES
VEGETATION INDICES 
NC4 WB13 WB14 450 504 510 520 540
WAVELENGTHS 
550 552 555 560 580 600 620 650
N ns ns * * * ** ** ** ** ** * *
June 20,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns * ♦ ns ns ns * * * * * *
July 3,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns * ns ns ns ns ns * ns ns ns
N *** *** ** *** ** ** ** ** ** ** *** ***
July 18,2002 LF ns * ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns * *
N ** ns * ** *** *** ** ** ** ** ** *** ***
August 1,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns * * « * * * * ♦ * * * *
N ns *** *** *** *** *** *** ***
August 22, 2002 LF ns ns ns ♦ ** * * ns ns ns ns ns * ♦ **
N XLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** ns ** *** *** ** ** ** ** ** *** *** ***
September 5,2002 LF ns ns ns *** *** * ns ns ns ns ns * ** **
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** *** *** *** *** *** *** *** *** *** ***
September 19,2002 LF * ** * ** * ns ns ns ns ns * * *
N xLF * * ns ** * ns ns ns ns ns ♦ * *
N *** ns ns *** *** *** *** *** *** *** ***
October 3,2002 LF ns ns ns ns * ns ns ns ns * ♦ • ns ns
N xLF * ns ns ** ** ** * * ns ns ns ** ** **
N *** ns ns *** ns *** *** ns *** *** *** *** ns ***
June 12,2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** ns ns ns ns ns ns ns ns ns ns ns * ♦ ♦ *
June 26,2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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WEEK SOURCES
660 671 674 680 693 700 705
WAVELENGTHS 
715 720 730 760 765 790 800 810 850
N ns ns ns ns * * ** *** ♦ ns ns ns ns ns ns
June 20,2002 LF ns ns ns ns * * * * * ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N * * * * * ** ** ** * ns ns ns ns ns ns ns
July 3, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns * ns ns ns ns ns ns ns ns
N *** *** *** *** *♦* *** * ns ns ns ns ns ns ns
July 18,2002 LF * * ns ns ns ns ns * * * * * *
N xLF ** ** * * ns ns ns ns ns ns ns ns ns
N ♦* *** . ** ** * ns ns ns ns ns ns ns
August 1,2002 LF * + * « * ns ns ns ns ns ns ns ns ns ns ns
N xLF * * * ♦ * * * * ♦ * ns ns ns ns ns ns
N *** *** *** **** ns ns ns ns ns ns ns ns
August 22, 2002 LF ** ** ** ** * ♦ ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N *** «♦* *** *** *** **♦ *** ** * ns ns ns ns ns ns ns
Septembers, 2002 LF ** ** * ns ns ns ns ns ns ns ns ns
N xLF * ** ns ns ns ns ns ns ns ns ns ns ns
N ♦** *** *** ** ns ns ns ns ns ns ns
September 19,2002 LF ** ** * ns ns ns ns * * ns ns ns ns
N xLF »* ** * * ns ns ns ns ns ns ns ns ns ns
N *** *** *** ** * ns ns ns ns ns ns ns
October 3,2002 LF * * » ns ns ns ns ns ns ns * * * ♦
N xLF ** ** * * ns ns ns ns ns ns ns ns
N »** *** *** *** ns ns ns ns ns ns ns
June 12,2003 LF * * * * * * ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ♦ ** * * ** *** ns ns ns ns **
June 26,2003 LF ns ns ns ns ns ns ns ns ns ♦ ** ** **
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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WEEK SOURCES
900 902 907
WAVELENGTHS 
910 945 950 960 970 975 X.RE Chi max 
(G)
FIRST DERIVATIVE 
C h l^ x  wB(trough) 1}.RE  (680-780)
N ns ns ns ns ns ns ns ns ns ns * ns ns
June 20, 2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns 11 s ns ns
N ns ns ns ns ns ns ns ns ns ns ns 11 s ns ns
July 3,2002 LF ns ns ns ns ns ns ns ns ns ns ns * ** ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns ns ns ns *
July 18.2002 LF ns ns ns ns ns ns ns ns ns ns 11 s ns **
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns * ns ns ns ns
August 1,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns * ns ns ns * * ns ns ns ns ns ns ns
N ns * ns ns ns * * ns ns ns * ns ns **
August 22,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns 11 s ns ns
N ns ns ns ns ns ns ns ns ns * ns ns ns ns
September 5,2002 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns ns ns ns **
September 19,2002 LF ns ns ns ns ns ns ns ns ns ** ns ***
N xLF ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns * ns ns ns **
October 3, 2002 LF * * * ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns ns ♦ * ns ns *
June 12,2003 LF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ** ** ** * • * ♦ *** ns ns ns ***
June 26,2003 LF ** ** ** ** ** * * * *** ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns *
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WEEK SOURCES
SPAD Theta
(6)
Color yro(MPa) yM
Dr>'B
(g)
PLANT & SOIL VARIABLES 
St Tc - Ta TM 
(cm) (”C) (gleg)
Tc
r c )
ET
(cm)
st'st
max
TN
(g/kg) TM*TN
Chi
index
N ns ns ns ns ns ns ns ns ns ns ns ns *** * ns
June 20,2002 LF ns ns ns ns ns ns ns ns ns ns * ns ns ns ns
NxLF ns ns ns ns ns ns * ns ns * ns * ns ns ns
N ns *** *** ns ns ns ns ns ns ns ns ns ns ns ns
July 3,2002 LF ns * ns ns * ns * ♦ ns ns ns * ns ns ns
N xLF ns * ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns *** *** ns ns ns ns ** *** » ns ns * ***
July 18, 2002 LF ns ns ns ns ns ns ** ♦ ns ns ns *** ns ns ns
N xLF ns ns ns ns ns ns * ns ns ns ns ns ns ns ns
N ns *** *** ns ns ns ns ns ns ns *** ns ** ns
August 1,2002 LF ns ns ** ns * ns *** ns ns ns * *** ns ns *
N xLF ns ns ns ns ns ns ns ns ns * ns ns ns ns
N ** ns *** ** ns ns ns * ** ** ns ns ♦ *** ***
August 22, 2002 LF ns ns ♦ ** ns ns *** * ns * ns ns ns
NxLF ns ns ns as ns ns ns ns ns ns ns ns ns ns ns
N ns ns ns ns ns ns ns ns *** ns * * ns ns
Septembers, 2002 LF ns ns ns ns ns ns ns * ns ns *** ns ns *
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N ns ns ** ns * ns ns ** ** ns ns * ns ns ***
September 19, 2002 LF ns » ns ns ns ns *** ns ns ns *** ns ns *
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
N * *** *** ns ns ns * ns ns ns ns ** ns ns ***
October 3, 2002 LF ns ns ns ns ns ns ns ns ns ns *** ns ns ns
N >LF ns * ns ns ns ns * ns ns ns ns ns ns ns ns
N ♦** *** ns * ns ns ns ns ns ns ns ns ns ns ns
June 12,2003 LF ns ns ns ns ns ns ns * ns * ns ns ns ns ns
N xLF ns ns ns * ns ns ns ns ns ns ns ns ns ns ns
N *** ns ns ns ns ns ns ns * ns ns ns ns ***
June 26, 2003 LF ns *** ns ns ns ns ns ns ns ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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Table 5. Effects of N and LF treatments on individual wavelengths, vegetation indices, first derivative data 
and plant and soil measuremmts unde steady state conditions (df = 79).
SOURCES
[NDVI] PRIl PRI2 VI [WBI] WBI
VEGETATION INDICES 
IR/R PAR PRI3 NDPI NIR NDVIl NDVI2 PSR NPCI NPCI2
N *** *** *** ns ns ns ns ns ns ns ns ns
LF *** * ns * *** ns ns ns ns ns ns ns * * ns
N xLF *** ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
WBI2 PRI4 NDVI3 PRI5 NDVI4 NDVI5
VEGETATION INDICES 
NDVI6 NDVI7 NDVI8 NDVI9 NDVIl 0 SRI SR2 SR3 SR4 SR5
N *** ns *** ns ns ns ns ns ns ns ns ns ns ns ns
LF *** ns *** *** ns ns ns ns ns ns ns ns ns ns ns ns
N xLF * ns ** ns ns ns ns ns ns ns ns ns ns 11 s ns ns
SOURCES
SR6 SR7 SR8 SR9 SRIO SRll
VEGETATION INDICES 
SRI 2 SR13 SR14 SR15 SIl SI2 SI3 NCI NC2 NC3
N ns ns ns ns ns ns ns *** ns ns ns ns ns ns
LF ns ns ns ns ns ns ns * ns ns ns ns ns ns
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
VEGETATION INDICES WAVELENGTHS
NC4 WBI3 WBI4 450 504 510 520 540 550 552 555 560 580 600 620 650
N *** ns *** *** ns ns ns *** ns *** ns
LF *** ns *** *** *** ns ns ns * ns ** ns
NxLF ns ns *** ns ns ns ns ns
SOLTRCES
660 671 674 680 693 700
WAVELENGTHS 
705 715 720 730 760 765 790 800 810 850
N *** *** ns *** *** ns ns **
LF ns *** ns ns *** ns * ns ns ** ** ** *
NxLF ns ns ns *** ns * ns ns ns ns ns ns ns ns
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SOURCES
900 902 907 910
WAVELENGTHS 
945 950 960 970 975 IR E Chimax(G)
FIRST DERIVATIVE
LXRE (680-780)
N * * * * ns ns ns ns ns *** ns ns ***
LF * » * * ns ns ns ns ns *** ns ns ***
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
SPAD Theta (0) Color v|/(o (MPa) DryB(g) St(cm)
PLANT & SOIL VARIABLES 
T c-T a(”C) TM(gdcg) ET (cm) st/st max TN (gdcg) TM*TN Chi index
N * ns ns ns ns ns * ns ns ns ns ns
LF ns ns ns ns ns *** * ns * * ns ns ♦ ***
N xLF ns ns ns ns ns ns *** ns ns ns ns ns ns ns ns
***, **, *: significant at 0.001, 0.01 and 0.05 probability levels, respectively, ns: non significant 
Diy B: dry biomass; TM: tissue moisture content; TN: tissue nitrogen concentration
S t/S t max: storage over maximum storage; ET: évapotranspiration; Tc: canopy temperature; Ta: ambient temperature;
yco: leaf xylem water potential; soil matric potential; ns: non significant.
chi max (G): maximum chlorophyll absorption in the green; chi max (R): maximum chlorophyll absorption in the red.
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Table 6. Effects ofN and LF treatments on individual wavelengths, vegetation indices, first derivative data 
and plant and soil measurements under the entire data set (df = 199).
'Oon
SOURCES
[NDVI] PRIl PRI2 VI [WBI] WBI
VEGETATION INDICES 
IR/R PAR PRI3 NDPI NIR NDVIl NDVI2 PSR NPCI NPCI2
N ns *** *** ns ns ns * *** ns ns ns ns
LF ns *** * ns ** ns ns ns * ns ns ns ns * *
NxLF ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
WBI2 PRI4 NDVI3 PRI5 NDVI4 NDVI5
VEGETATION INDICES 
NDVI6 NDVI7 NDVI8 NDVI9 NDVI 10 SRI SR2 SR3 SR4 SR5
N ns ns *** ns ns ns ns ns ns ns ns ns ns ns ns
LF *** ns ns *** ns ns ns ns ns ns ns ns ns ns ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
SR6 SR7 SR8 SR9 SRIO SRll
VEGETATION INDICES 
SR12 SR13 SR14 SR15 SIl SI2 SI3 NCI NC2 NC3
N *** ns ns ns *** ns ns ns ns ns ns ns ns ns
LF *** *** ns ns ns *** ns ns ns ns ns ns ns *** ns ns
NxLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
SOURCES
VEGETATION INDICES WAVELENGTHS
NC4 WBI3 WBI4 450 504 510 520 540 550 552 555 560 580 600 620 650
N *** *** *** *** *** *** ns
LF *** *** *** * * ** ** *** ns
NxLF ns ns ns *** *** * *** ns
SOURCES
660 671 674 680 693 700
WAVELENGTHS 
705 715 720 730 760 765 790 800 810 850
N ns ns *** ns *** *** *** ***
LF ns ns ns ns ns *** *** ns ns ** ** ** **
NxLF ns ns ns ns ns *** *** ns ns ns ns ns ns ns ns
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SOURCES
900 902 907 910
WAVELENGTHS 
945 950 960 970 975 X,RE Chimin
FIRST DERIVATIVE 
2  WB«rough) EIRE (680-780)
N ** * * ns ns ns *** ns ns ***
LF * * * ns * ns ns ns *** * * ns ns * * *
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
PLANT & SOIL VARIABLES
SOURCES
SPAD Theta(e) Color
yco
(MPa) yM
DryB
( g )
S t
(cm)..
Tc - Ta (T ) TM
(gdcg)
Tc
CC)
ET
(cm)
st/st
max TN (g/kg) TM*TN
Chi
index
N *♦ ns ns ns ns ns ns ns ns ns ns *** *
LF ns ns ns ns ns ns ns ns ns ** ns ns ns ***
N xLF ns ns ns ns ns ns ns ns ns ns ns ns ns ns
NO
O N
***, **, *: significant at 0.001,0.01 and 0.05 probability levels, respectively, ns: non significant 
Dry B: dry biomass; TM; tissue moisture content; TN: tissue nitrogen concentration
st/st max: storage over maximum storage; ET: évapotranspiration; Tc: canopy temperature; Ta: ambient temperature; 
yco: leaf xylem water potential; 'Em- soil matric potential; ns: non significant.
chi max (G): maximum chlorophyll absorption in the green; chi max (R): maximum chlorophyll absorption in the red.
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Table 7. Stepwise multiple regression of selected wavelengths and vegetation indices with plant and soil variables under steady 
state conditions (variables included if p <0.05). (n = 80).
Wavelengths (nml Plant and soil variables
Vegetation indices Plant and soil vai iables
P-value
450 Color Tc -Ta("C) TN (g/kg) 0.52 <0.001
504 TM x TN Chi index 0.75 <0.001
555 Vm TM x TN Chi index 0.78 <0.001
660 TM X TN Chi index 0.74 <0.001
680 TM X TN Chi index 0.72 <0.001
700 Vw Vm TN (g/kg) TM X TN Chi index 0.84 <0.001
902 ns
P-value
PRI3 TN (g/kg) TMx TN 0.73 <0.001
NPCI Tc -Ta (°C) Chi index 0.56 <0.001
NDVI 1 TM (g/kg) TN(g4cg) TM x TN Chi index 0.73 <0.001
NDVI 3 TM(gdcg) TN(gdcg) TM X TN Chi index 0.65 <0.001
NIR Theta 0.21 <0.001
SI2 TM (g/kg) TN(g/kg) TM X TN Chi index 0.68 <0.001
SRI 5 Chi index 0.51 <0.001
WBI2 Theta V u) 0.63 <0.001
NC4 V|/M TM(g/kg) TM X TN Chi index 0.79 <0.001
DB: dry biomass; TM: tissue moisture content; TN: tissue nitrogen content; \|/co: leaf water potential
St/'St max: storage over maximum storage; ET : évapotranspiration; Tc: canopy temperature; Ta: ambioit temperature;
'Em: soil matric potential; ns: non significant.
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Table 8, Stepwise multiple regression of plant and soil variables with selected wavelengths under steady state conditions 
(variables included if p<0.05). ( n = 80).
Plant and soil 
variables
Wavelengths tnm)
TM: tissue moisture content; TN: tissue nitrogen concentration; v|/„: leaf water potential; 'EM: soil matric potential; 
ns: non significant.
P-value
Spad 504 555 560 0.29 <0.001
Theta 540 555 560 580 650 674 700 720 760 850 910 960 975 0.67 <0.001
Color 560 620 674 720 790 950 0.51 <0.001
Vco (MPa) 504 520 550 555 600 650 700 800 810 900 910 970 0.64 <0.001
V|/M 550 560 600 620 674 680 693 700 907 910 945 0.45 <0.001
Drv biomass (s) ns P-value
Tc -Ta (°C) 540 550 671 680 700 715 720 760 790 810 910 970 0.48 <0.001
Tc (°C) 555 600 650 705 715 760 765 790 800 900 907 0.54 <0.001
TM(gdcg) 540 550 552 560 580 600 620 660 693 700 705 715 0.85 <0.001
ET (cm) 510 540 550 600 660 671 680 693 810 0.29 <0.001
St/St max (cm) 550 552 555 560 693 700 720 760 790 900 0.55 <0.001
TN (g/kg) 504 552 693 700 705 720 0.44 <0.001
TM X TN 504 580 680 700 705 760 765 790 800 902 950 970 975 0.75 <0.001
Chlorophyll index 450 550 580 660 671 700 715 720 765 902 950 0.86 <0.001
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Table 9. Stepwise multiple regression of selected wavelengths and vegetation indices with plant and soil variables for the entire data 
(variables included if p <0.05). (n = 200).
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Wavelengths fnm) Plant and soil variables r2 P-value
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DB: dry biomass; TM: tissue moisture content; TN: tissue nitrogen contait
st/st max: storage ova maximum storage; ET : évapotranspiration; Tc: canopy tempaature; Ta: ambiait tempaature; 
Tm: soil matric potential; ns: non significant.
450 Theta Vm TM(gAg) ET (cm) st/st max chi index 0.62 <0.001
504 Thaa Vm TM (g/kg) st/st max TN(gkg) chi index 0.63 <0.001
555 TM (g/kg) chi index 0.47 <0.001
660 DB(g) TMxTN chi index 0.65 <0.001
680 DB(g) TMxTN chi index 0.67 <0.001
700 Vm TMxTN chi index 0.63 <0.001
902 Vm Tc -Ta (”C) 0.38 <0.001
Vegetation indices Plant and soil variables r2 P-value
PRI3 chi index 0.42 <0.001
NPCI DB(g) ET TN(gkg) TMxTN 0.41 <0.001
NDVI 1 Tc -Ta(”C) TM (g/kg) TN (g/kg) TM x TN chi index 0.61 <0.001
NDVI 3 TM (g/kg) DB(g) TMxTN chi index 0.65 <0.001
NIR DB(g) Tc -Ta(°C) st/st max TN (g/kg) 0.58 <0.001
SI2 DB(g) TM (g/kg) TMxTN chi index 0.65 <0.001
SRI 5 DB(g) TM (g/kg) TMxTN 0.59 <0.001
WBI2 Theta Spad Tc -Ta(°C) TM (g/kg) Tc C Q ET (cm) st/ st max TN (g/kg) TMxTN 0.65 <0.001
NQ Color 0.42 <0.001
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(/)(/) Table 10. Stepwise multiple regression of plant and soil variables with selected wavelengths for the entire data 
(variables included if p <0.05). (n = 200).
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Plant and soil 
variables
Wavelengths (nm)
P-value
Spad 520 552 650 693 790 902 0.17 <0.001
Theta 650 674 680 705 720 730 760 850 910 960 975 0.44 <0.001
Color 520 552 560 650 660 680 70 715 730 760 970 0.52 <0.001
t|r® (MPa) 504 510 520 550 552 600 660 671 700 760 800 910 960 0.45 <0.001
'EM 552 555 693 680 715 810 850 907 910 0.14 <0.001
Dry biomass (g) 450 540 560 580 600 620 660 671 760 850 907 0.45 <0.001
Tc -Ta('C) 510 520 550 600 650 790 900 0.25 <0.001
Tc (°C) 555 600 650 671 674 705 715 730 760 790 0.30 <0.001
TM(g/kg) 555 580 660 790 902 0.21 <0.001
ET (cm) 520 540 600 693 680 790 900 970 0.29 <0.001
st/st max (cm) 504 510 550 560 693 700 720 810 850 0.39 <0.001
TN (g/kg) 504 600 660 693 730 800 945 975 0.59 <0.001
TM x TN 520 555 730 902 945 970 0.46 <0.001
Chlorophyll index 450 552 580 700 730 790 900 910 970 0.79 <0.001
C/)(/) TM: tissue moisture content; TN: tissue nitrogen concentration; \|/cd: leaf water potential; 'EM: soil matric potential; 
ns: non significant.
Table lia . Summary of the coefficients of determination (r^) and regression 
models between vegetation indices and N and LF treatments and 
their combination (N x LF) under steady state conditions (n = 80, 
a  = 0.05).
Vegetation
indices r ' Regression Model
NPCI 0.26 NPCI = -0.3994 + 0.00154N
NDVIl 0.65 NDVI 1 = 0.5846 + 0.00182N + 0.92LF - 0.0055N x LF
NDVI 3 0.61 NDVI 3 = 0.2995 + 0.00226N + 0.8ILF - 0.0046N x LF
WBI2 0.34 WBI2 = 1.022 - 0.00033N - 0.199LF + 0.00113N x LF
NC4 0.66 NC4 = 0.7278 - 0.00125N - 0.282LF + 0.00163N x LF
Table lib . Summary of the coefficients of determination (r^) and regression 
models between reflectance at individual wavelengths and N and 
LF treatments and their combination (N x LF) under steady state 
conditions (n = 80, a  = 0.05).
Wavelengths r̂ Regression Model
450 0.51 R450 = 6.624 - 0.023 IN - 11.8LF + 0.089Nx LF
504 0.57 R504 = 8.566 - 0.0329N - 15.0LF + 0.103Nx LF
555 0.46 R555 = 13.90-0.0427N- 14.3LF + 0.11 INx LF
660 0.62 R660 = 13.28 - 0.0595N -31.3LF + 0.205NxLF
680 0.62 R680 = 13.23 - 0.0610N - 33.7LF + 0.223Nx LF
700 0.58 R700= 18.63 - 0.0737N-30.1LF + 0.199NX LF
Table 1 Ic. Summary of the coefficients of determination (r2) and regression 
models between first derivative estimates (red edge) and N and LF 
treatments and their combination (N x LF) under steady state 
conditions (n = 80, a  = 0.05).
Red edge 
parameters r̂ Regression Model
R̂E 0.46 Xre = 0.005402 - 0.00003N - 0.0076LF
Z^RE (680-780) 0.44 T M  (680-780) = 0.02955 - 0.00012N - 0.0321LF
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Figure 1. Schematic view of the field plots.
(The objects in this figure are not drawn to scale)
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Figure 12. Canopy reflectance of bermudagrass under various nitrogen and water 
treatment combination for July 18, 2002
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Figure 13. First derivative reflectance curve for bermudagrass placed under high steady 
nitrogen and high leaching fraction (HSN HLF) vs. low steady nitrogen and 
low leaching fraction (LSN LLF) for July 18, 2002
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Figure 14. First derivative reflectance curve for bermudagrass placed under high
pulse nitrogen (HPN) vs. low pulse nitrogen (LPN) under cyclic leaching 
fraction (LHLF) for July 18, 2002
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Figure 15. First derivative reflectance curve for bermudagrass placed under high 
incremental nitrogen (HIN) vs. low incremental nitrogen (LIN) under 
cyclic leaching fraction (LHLF) for July 18, 2002
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Figure 16. Plot of percent reflectance at 450 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 17. Plot of percent reflectance at 504 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 18. Plot of percent reflectance at 555 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 19. Plot of percent reflectance at 660 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 20. Plot of percent reflectance at 680 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 21. Plot of percent reflectance at 700 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 22. Plot of percent reflectance at 902 nm vs. all treatment combinations 
for bermudagrass over a two year period.
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Figure 23. Plot of percent reflectance vs. wavelengths for bermudagrass under two
steady nitrogen treatments (HSN, LSN) and two steady leaching fractions 
(HLF, LLF)
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Figure 24. Plot pf percent reflectance vs. wavelengths for bermudagrass under two 
incremental nitrogen treatments (HIN, LIN) and cyclic leaching fraction 
(LHLF)
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Figure 25. Plot of percent reflectance vs. wavelengths for bermudagrass under two
steady nitrogen treatments (HSN, LSN) and cyclic leaching fraction (LHLF)
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Figure 26. Plot of percent reflectance vs. wavelengths for bermudagrass under two
pulse nitrogen treatments (HPN, LPN) and cyclic leaching fraction (LHLF)
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Figure 27. Correlation between NDVI3 and chlorophyll index for all plots and all 
treatments (n = 20), (August 22, 2002)
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Figure 28. Correlation between NDVI3 and tissue moisture for all plots and all 
treatments (n = 12), (August 22, 2002)
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Figure 29. Correlation between NDVI3 and tissue nitrogen x tissue moisture 
for all plots and all treatments (n = 12), (August 22, 2002)
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Figure 30. Correlation between NDVI3 and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 31. Correlation between N D V I1 and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
133
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.8
0.6 -
Oz
#  e
#  NC4 vs. chlorophyll Index 
 Y = 0.8304 - 7.3140.10"*X : 0.75
0.3
0 100 200 300 400 500 600 700
CHLOROPHYLL INDEX
Figure 32. Correlation between NC4 and chlorophyll index for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 33. Correlation between NC4 and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 34. Correlation between NC4 and tissue nitrogen x tissue moisture 
for all plots and all treatments (n = 12), (August 22, 2002)
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Figure 35. Correlation between WBI2 and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 36. Correlation between WBI2 and tissue moisture for all 
plots and all treatments (n = 12), (August 22, 2002)
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Figure 37. Correlation between PRI3 and chlorophyll index for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 38. Correlation between SRI5 and chlorophyll index for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 39. Correlation between NPCI and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 40. Correlation between SI2 and canopy color rating for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 41. Correlation between SI2 and chlorophyll index for all 
plots and all treatments (n = 20), (August 22, 2002)
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Figure 42. Correlation between spectral reflectance at 450nm and Te -Ta 
for ail plots and ail treatments (n = 20), (August 22, 2002)
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Figure 43. Correlation between spectral reflectance at 504 nm and chlorophyll 
index for all plots and all treatments (n = 20), (August 22, 2002)
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Figure 44. Correlation between spectral reflectance at 660 nm and chlorophyll 
index for all plots and all treatments (n = 20), (August22, 2002)
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Figure 45. Corrélation between spectral reflectance at 660nm and canopy temperature 
for all plots and all treatments (n = 20), (August 22, 2002)
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Figure 46. Correlation between spectral reflectance at 660nm and storage/maximum 
storage for all treatments and all plots (n = 20) (August 2002)
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potential for all plots and all treatments (n = 20), (August 22, 2002)
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Figure 48. Correlation between spectral reflectance at 680 nm and chlorophyll 
index for all plots and all treatments (n = 20), (August 22, 2002)
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Figure 49. Correlation between spectral reflectance at 680 nm and canopy color 
rating for all treatments and all plots (n = 20), (August 22, 2002)
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Figure 50. Correlation between NDVI3 and chlorophyll index 
for steady condition treatments (n = 80)
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Figure 51. Correlation between WBI2 and chlorophyll index 
for steady condition treatments (n = 80)
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Figure 52. Correlation between NC4 and chlorophyll index 
for steady condition treatments (n= 80)
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Figure 53. Correlation between spectral reflectance at 660nm and chlorophyll 
index for steady condition treatments (n -  80)
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Figure 54. Correlation between spectral reflectance at 700 nm and canopy color rating 
of bermudagrass under steady state treatments. Linear regression includes all color 
ratings greater than 8.4 (n -  76). Dashed line represents a possible baseline 700 nm of 
22.5% with a threshold color value of 8.5
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Figure 55. Correlation between NDV13 and chlorophyll index 
for all treatments and all data (n= 200)
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Figure 56. Correlation between NDVI3 and canopy color rating of bermudagrass for
all treatments. Linear regression includes all color ratings greater than 8.4 (n 
= 194). Dashed line represents a possible baseline NDVI3 of 0.2 with a 
threshold color value of 8.5
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Figure 57. Correlation between NDVI3 and chlorophyll concentration 
for all treatments and all data (n = 30)
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Figure 58. Correlation between NDVI3 and tissue nitrogen 
for all treatments and all data (n= 169)
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Figure 60. Correlation between NC4 and tissue nitrogen 
for all treatments and all data ( n = 169)
162
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o
0.8
0.7 -
0.6 -
0.5 -
0.4 -
0.3
a  ^
% . *
e
#
e  « •
#  NC4 vs. tissue nitrogen X tissue moisture 
 Y = 0.7207 -0.0086X : 0.30***
T
10
-r
15 20 25 30
TISSUE NITROGEN X TISSUE MOISTURE
Figure 61. Correlation between NC4 and tissue nitrogen x tissue moisture 
for all treatments and all data (n = 131)
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Figure 62. Correlation between NC4 and chlorophyll concentration 
for all treatments and all data (n = 30)
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Figure 63. Correlation between WBI2 and chlorophyll index 
for all treatments and all data (n = 200)
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Figure 64. Correlation between WBI2 and canopy color rating of bermudagrass for all 
treatments. Linear regression includes all color ratings greater than 8.4 (n = 
194).Dashed line represents a possible baseline WBI2 of 1.06 with a threshold 
color value of 8.5
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Figure 65. Correlation between PRI3 and chlorophyll index 
for all treatments and all data ( n= 200)
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Figure 66. Correlation between PRI3 and chlorophyll concentration 
for all treatments and all data (n = 30)
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Figure 67. Correlation between PRI3 and tissue nitrogen 
for all treatments and all data ( n = 169)
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Figure 68. Correlation between PRI3 and tissue nitrogen x tissue moisture 
for all treatments and all data ( n= 131)
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Figure 69. Correlation between NPCI and chlorophyll index 
for ail treatments and ail data ( n = 200)
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Figure 70. Correlation between SRI 5 and chlorophyll index 
for all treatments and all data (n = 200)
172
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
 fil­
in
g
SR15 vs. canopy color rating
Y = 2.8513-0.1863X r̂ : 0.44
baseline SRI5 with a threshold color value of 8.5
0.9 -
0.8
4 5 6 7 8 9 10
CANOPY COLOR RATING
Figure 71. Correlation between SRI 5 and canopy color rating of bermudagrass for all 
treatments. Linear regression includes all color ratings greater than 8.4 (n 
=194). Dashed line represents a possible baseline SRI 5 of 1.34 with a 
threshold color value of 8.5
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Figure 72, Correlation between SI and chlorophyll index 
for all treatments and all data (n = 200)
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Figure 73. Correlation between spectral reflectance at 450nm and tissue nitrogen 
for all treatments and all data (n -  131)
175
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ec
S
<
LU
O
Z
?
o
LU
LUa:
_i
2
h-
O
LU
0_
W
H-
Z
LU
O
CC
LU
û.
10
8 -
6 -
450 vs. chlorophyll index 
Y -  8.2534 - 0.0199X + 1.6579.10^X^ r̂  : 0.54***
I I I I I I--------------------------------
100 200 300 400 500 600 700
CHLOROPHYLL INDEX
Figure 74. Correlation between spectral reflectance at 450 nm and chlorophyll index 
for all treatments and all data (n = 200)
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Figure 75. Correlation between spectral reflectance at 504nm and tissue nitrogen 
for all treatments and all data (n = 131 )
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Figure 76. Correlation between spectral reflectance at 555nm and tissue nitrogen 
for all treatments and all data (n = 131)
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Figure 77. Correlation between spectral reflectance at 700 nm and canopy color rating 
of bermudagrass for all treatments. Linear regression includes all color 
ratings greater than 8.4 (n = 194). Dashed line represents a possible baseline 
700 nm of 18% with a threshold color value of 8.5
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Figure 78. Correlation between spectral reflectance at 700 nm and chlorophyll index 
for all treatments and all data (n = 200)
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Figure 79. Correlation between spectral reflectance at TOOnm and chlorophyll 
concentration for all treatments and all data (n = 30)
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Figure 80. Relationship between tissue nitrogen and tissue moisture ofbermudagrass for 
August 22, 2002
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Figure 81. Relationship between tissue nitrogen and canopy color rating of 
bermudagrass for August 22, 2002
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Figure 82. Relationship between tissue nitrogen and chlorophyll index ofbermudagrass 
for August 22, 2002
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Figure 83. Relationship between tissue nitrogen x tissue moisture and canopy color 
rating ofbermudagrass for August 22, 2002
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Figure 84. Comparison of average soil moisture content ofbermudagrass based on all 
N and LF treatment combinations for the experimental period of August 22, 
2002
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Figure 85. Comparison of average soil matric potential ofbermudagrass based on all N 
and LF treatment combinations for the experimental period of August 22, 
2002
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Figure 86. Comparison of average leaf xylem water potential ofbermudagrass based on 
all N and LF treatment combinations for the experimental period of August 
22, 2002
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Figure 87. Comparison of average canopy and ambient temperature difference (Tc -  Ta) 
ofbermudagrass based on all N and LF treatment combinations for the 
experimental period of August 22, 2002
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Figure 88. Comparison of average percent tissue nitrogen ofbermudagrass based on all 
N and LF treatment combinations for the experimental period of August 22, 
2002
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Figure 89. Comparison of average percent tissue moisture ofbermudagrass based on all 
N and LF treatment combinations for the experimental period of August 22, 
2002
191
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10.0
0  
z
1
01
o
_ J
o
ü
à:
O
z<
o
TREATMENT COMBINATION
Figure 90. Comparison of average canopy color rating ofbermudagrass based on all N 
and LF treatment combinations for the experimental period of August 22, 
2002
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Figure 91. Comparison of average SPAD readings ofbermudagrass based on ail N and 
LF treatment combinations for the experimental period of August 22, 2002
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Figure 92. Comparison of average canopy chlorophyll concentration ofbermudagrass 
based on all N and LF treatment combinations for the experimental period 
of August 22, 2002
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APPENDIX C
COMPARISON OF STORAGE, IRRIGATION AND ACTUAL 
EVAPOTRANSPIRATION FOR N and LF TREATMENT 
COMBINATIONS FOR BERMUDAGRASS
195
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60 -
(U
?
40 -
20 -
bermudagrass
I
c
g
1
Q .(0c
2  
■5Q.
5
LU
o3
co
COO)
"C
1 I I I I I I I I I I I I I I
0 2  4  6  8 10 12 14 16 18 2 0  22  24  2 6  28  30 32 34 36 38  40
Storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
HSN. LLF
196
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60 -
40 -
O
œ
20  -
bermudagra;
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
10
-  2
I
c
0
1
■q .m
§
"5
Q .
5
LU
o8
C
O
mO)
storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
LSN. HLF
197
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60 -
— I
40 -0)O)
2o
w
20  -
bermudagrass
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
-  8
-  6
10
E
c  oï
Q .  (0 
C
2
o
Q .
4 >
LU
OÔ
C
O
2 % 
O)
storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
HSN. LHLF
198
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60 -
40 -
(DO)
20  -
bermudagrass
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
-  6
1 0
-  2
E
ü
c
0
1
Q.
tn
c
2O
Q.
%0}
OÔ
Co
(0O)
storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
LSN. LHLF
199
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60 -
_1
40 -0)
D )
5o
œ
20  -
bermudagrass
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
1 0
I
c
0
1 
(n
I
Ë
5
LU
o3
co
ro
D )
storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
HPN LH LF
200
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0
6 0  -
<U
g
bermudagrass
ü
5
■q .  
tn
§
§
LU
OÔ
Co 
2 % 
O)
-  6
- 4
r  I I I I I r "  I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Storage (L) 
irrigation (cm) 
ET (cm)
Week of Experiment
LPN. LHLF
201
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(UO)
2o
œ
60
40
20
bermudagrass
0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
-  8
-  6
1 0
t
C
0
1c
2
R  
5
LU 
OÔ
Co
% 
O)
storage (L) 
Irrigation (cm) 
ET (cm)
Week of Experiment
HIN. LHLF
202
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(D
D )
2
O
(/)
bermudagrass
E
c0
1 
■q .  
tn 
c
2
o
Q .
5
LU
OÔ
c
O
%O)
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Week of Experiment
storage (L) 
Irrigation (cm) 
ET (cm)
LIN. LHLF
203
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BIBLIOGRAPHY
Adams, M L. Philpot, W.D. and W A Norvell. 1999. Yellowness index, an application 
of spectral second derivatives to estimate chlorosis of leaves in stressed vegetation. 
International Journal of Remote Sensing 20(18). 3663-3675.
Aparicio, N.D. Villegas, J. Casadesus, J.L. Araus. and C. Royo. 2000. Spectral 
vegetation indices as nondestructive tools for determining durum wheat yield. Agronomy 
Journal 92: 83-91.
Asrar, G. Myeni, R.B. and B.J. Choudhury. 1992. Spatial heterogeneity in vegetation 
canopies and remote sensing of absorbed photosynthetically active radiation: a modeling 
study. Remote Sens. Environ 41: 85-103.
Baret, F. Andrieu, B. and G. Guyot. 1988. A simple model for leaf optical properties in 
visible and near-infrared: Application to the analysis of spectral shifts determinism. 
Application of chlorophyll fluorescence: 345-351.
Barnes, E.M. Moran, M.S. Pinter Jr, P.J. and T.R. Clarke. 1996. Multispectral remote 
sensing and site-specific agriculture: Examples of current technology and future 
possibilities.. Proceedings of the 3rd International Conference on Precision Agriculture.
Bausch, W.C. and H R  Duke. 1996. Remote sensing of Plant nitrogen status in com. 
American society of agricultural engineers 39(5): 1869-1875.
Bausch, W.C. and K. Diker. 2001. Innovative remote sensing techniques to increase 
nitrogen use efficiency in com. Commun. Soil. Sci. Plant Anal 32: 1371-1390.
Bell, G.E. Danneberger, T.K and M.J. McMahon. 2000a. Spectral irradiance available 
for turfgrass growth in sun and shade. Crop science 40: 189-195.
Bell, G.E. Martin, D L Kuzmic, R.M. Stone, M L. and J.B. Solie. 2000b. Herbicide 
tolerance of two cold-resistant bermudagrass {Cynodon spp.) cultivars determined by 
visual assessment and vehicle-mounted optical sensing. Weed Technology 14: 635-641.
Bell, G.E. Martin, D.L. Stone, M L. Solie, J.B. and G V. Johnson. 2002a. Turf area 
mapping using vehicle-mounted optical sensors. Crop science 42: 648—651.
204
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Bell, G.E. Martin D.L. Wiese S.G. Dobson, D.D. Smith, M.W. Stone, M L. and J.B.
Solie. 2002b. Vehicle-mounted optical sensing; An objective means for evaluating turf 
quality. Crop science 42: 197-201.
Blackburn, G A 1998. Quantifying chlorophylls and carotenoids of leaf and canopy 
scales: An evaluation of some hyperspectral approaches. Remote Sens. Environ 66: 273- 
285.
Blackmer, T.M. Schepers, J.S. and G.E. Varvel. 1994. Light reflectance compared with 
other nitrogen stress measurements in com leaves. Agronomy Joumal 86: 934-938.
Blackmer, T.M. ad J.S. Schepers. 1995. Use of a Chlorophyll meter to monitor N status 
and schedule fertigation of com. J. Prod. Agric. 8: 56-60.
Blackmer, T.M. and J.S. Schepers. 1996. Aerial photography to detect nitrogen stress in 
com. J. Plant Physiol 148: 440-444.
Blackmer, T.M. Schepers, J.S. Varvel, G.E. and E.A. Walter-Shea. 1996b. Nitrogen 
deficiency detection using reflected shortwave radiation from irrigated com canopies. 
Agronomy Joumal 88: 1-5.
Boochs, F. Kupfer,G. Dockter, K. and W Kuhbauch. 1990. Shape of the red edge as 
vitality indicator for plants. Intemational Joumal of Remote Sensing 11(10): 1741-1753.
Brown, R.B. and J-P G A Steckler. 1995. Prescription Maps for Spatially Variable 
Herbicide Applications in No-Till Com. Trans. ASAE: 38(6): 1659 - 1666.
Bull, C.R. 1991. Wavelength Selection for Near-Inffared Reflectance Moisture Meters.
J. Agri. Engng. Res 49: 113-125.
Buschmann, C and E. Nagel. 1993. In vivo spectroscopy and intemal optics of leaves as 
basis for remote sensing of vegetation. Intemational Joumal o f Remote Sensing 14: 711- 
722.
Buschmann, C. Langsdorf, G. and H.K. Lichtenthaler. 2000. Imaging of the blue, green, 
and red fluorescence emission of plants: An overview. Photosynthetica 38(4): 483-491.
Carlson, T.N and D A Ripley. 1997. On the relation between NDVI, fractional 
vegetation cover, and leaf area index. Remote Sens. Environ 62: 241-252.
Carter, G. A. 1993. Responses of leaf reflectance to plant stress. American Joumal of 
Botany 80(3): 239-243.
Carter, G  A 1994. Ratios of leaf reflectance in narrow wavebands as indicators of plant 
stress. Intemational Joumal o f Remote Sensing 15(3): 697-703.
205
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Carter, G. A. and R. L. Miller. 1994. Early detection of plant stress by digital imaging 
within narrow sress-sensitive wavebands. Remote Sens. Environ 50; 295-302.
Carter, G.A. Cibula, W.G. and R.L. Miller. 1996. Narrow-band reflectance imagery 
compared with thermal imagery for early detection of plant stress. J. Plant Physiol 148: 
515-522.
Carter, G.A. and A.K. Knapp. 2001. Leaf optical properties in higher plants: linking 
spectral characteristics to stress and chlorophyll concentration. American Journal of 
Botany 88(4): 677-684.
Cohen, W B 1991. Temporal versus spatial variation in leaf reflectance under changing 
water stress conditions. International Journal o f Remote Sensing 12(9): 1865-1876.
Congalton, R G and K. Green. K. 1999. Assessing the accuracy of remotely sensed 
data: principles and practices, Lewis Publishers.
Curran, P J Dungan, J.L. and H.L. Gholz. 1990. Exploring the relationship between 
reflectance red edge and chlorophyll content in slash pine. Tree Physiology 7: 33-48.
Curran, P.J. Windham, W.R. and H.L. Gholz. 1995. Exploring the relationship between 
reflectance and red edge and chlorophyll concentration in slash pine leaves. Tree 
Physiology15: 203-206.
Danson P.M. Steven, M.D. Malthus, T.J. and P.J. Clark. 1992. High spectral resolution 
data for monitoring leaf water content. International Journal o f Remote Sensingl3: 
3045-3054.
Datt, B. 1998. Remote sensing of chlorophyll a, chlorophyll b, chlorophyll a + b, and 
total carotenoid content in Eucalyptus leaves. Remote Sens. Environ 66: 111-121.
Daughtry, C.S.T. and C L Walthall. 1998. Spectral discrimination of Cannabis sativa L. 
leaves and canopies. Remote Sens. Environ 64: 192-201.
Dawson, T.P. Curran, P.J. and S.E. Plummer. 1998. LIBERTY-modeling the effects of 
leaf biochemical concentration on reflectance spectra. Remote Sens. Environ 65: 50-60.
Dean, D.E. Devitt, D A. Verchick, L.S. and R.L. Morris. 1996. Turfgrass quality, 
growth, and water use influenced by salinity and water stress. Agronomy Journal 88: 
844-849.
Demetriades-Shah, T.H. Steven, M.D. and J.A. Clark. 1990. High resolution derivative 
spectra in remote sensing. Remote Sens. Environ 33: 55-64.
Devitt, D A. 1989. Bermudagrass response to leaching fractions, irrigation salinity, and 
soil type. Agronomy Journal 81: 893-901.
206
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Donoghue, D.N.M. 2000. Remote sensing: sensors and applications. Progress in 
Physical Geography 24(3): 407-414.
Dumas, J.B. 1981. Sur les procédés de l'analyse organique. Annal, de Chimie XLVII: 
195-213.
Fenstermaker-Shaulis, L.k. Leskys, L. and D. A. Devitt. 1997. Utilization of remotely 
sensed data to map and evaluate turfgrass stress associated with drought. Journal of 
Turfgrass Management 2(1): 65-81.
Fernandez, S. Vidal, D. and E. Simon. 1994. Radiomtric characteristics of Triticum 
aestivum cv. Astral under water and nitrogen stress. International Journal of Remote 
Sensing 15(9): 1867- 1884.
Filella, I. and J. Penuelas. 1994. The red edge position and shape as indicators of plant 
chlorophyll content, biomass and hydric status. International Journal of Remote Sensing 
15(7): 1459-1470.
Filella, I. Serrano, L. Serra, J. and J. Penuelas. 1995. Evaluating wheat nitrogen status 
with canopy reflectance indices and discriminant analysis. Crop science 35: 1400-1405.
Flowers, M. Weisz, R. and R. Heiniger. 2001. Remote sensing of winter wheat tiller 
density for early nitrogen application decisions. Agronomy Journal 93: 783-789.
Flowers, M. Weisz, R. Heiniger, R. Tarleton, B. and A. Meijer. 2003. Field validation 
of remote sensing technique for early nitrogen application decision in wheat. Agronomy 
Journal 95: 167-176.
Gamon, J.A. Penuelas, J. and C.B. Field. 1992. A narrow-waveband spectral index that 
tracks diurnal changes in photosynthetic efficiency. Remote Sens. Environ 41: 35-44.
Gamon, J.A. Field, C. B. Goulden, M L  Griffin, K.L. Hartley, A.E. Joel, G. Penuelas, J. 
and R. Valentini. 1995. Relationships between NDVI, canopy structure, and 
photosynthesis in three Californian vegetation types. Ecological applications 5(1):
28-41.
Gamon, J.A. Serrano, L. and Surfus, J.S. 1997. The photochemical reflectance index: an 
optical indicator of photosynthetic radiation use efficiency across species, functional 
types, and nutrient levels. People 112: 492-501.
Gamon, J. A. Field, C.B. Goulden, M L. Griffin, K.L. Hartley, A.E. Joel, G. Penuelas, J. 
and R. Valentini R. 1998. Assessing leaf pigment content with a reflectance: influence 
of light history, d.s and functional type.
Gamon, J.A. and J.S. Surfus. 1999. Assessing leaf pigment content with a reflectometer. 
NewPhytol 143: 105-117.
207
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Gao, B.C. 1996. NDWI- a normalized difference water index for remote sensing of 
vegetation liquid water from space. Remote Sens. Environ 58: 257-266.
Gitelson, A. A. and M.N. Merzlyak. 1996. Signature analysis of leaf reflectance spectra: 
algorithm development for remote sensing of chlorophyll. Journal of Plant Physiology 
148: 494-500.
Gitelson, A.A. Buschmann, C. and H.K. Lichtenthaler. 1999. The chlorophyll 
fluorescence ratio F735/ F700 as an accurate measure of chlorophyll in plants. Remote 
Sens. Environ 69: 296-302.
GopalaPillai, S. Tian, L. and J . Beal. 1998. Detection of Nitrogen Stress in Com Using 
Digital Aerial Imaging. ASAE Annual International Meeting, Paper No. 983030, ASAE, 
2950 Niles Road, St. Joseph, MI 49085-9659 USA.
Green II, D.E. Burpee, L.L. and K.L. Stevenson. 1998. Canopy reflectance as a 
measure of disease in tall fescue. Crop science 38: 1603-1613.
Grossman, Y.L. Ustin, S.L. Jacquemoud, S. Sanderson, E.W. Schmuck, G. M and 
Verdebout, J. 1996. Critique of stepwise multiple linear regression for the extraction of 
leaf biochemistry information from leaf reflectance data. Remote Sens. Environ 56: 
182-193.
Guan, J. and F.W. Nutter Jr. 2001. Factors that affect the quality and quantity of 
sunlight reflected from alfalfa canopies. Plant Disease 85(8): 865-874.
Horler, D.N.H. Dockray, M. and J. Barber. 1983. The red edge of plant reflectance. 
International Journal of Remote Sensing 4(2): 273-288.
Isaac, R.A. and W.C. Johnson. 1976. Determination of total nitrogen in plant tissue 
using a block digestor. J. AO AC 59: 98-100.
Jackson, R.D. and A.R. Huete. 1991. Interpreting vegetation indices. Preventive 
Veterinary Medicine 11: 185-200.
Jacquemoud, S. Verdebout, J. Schmuck, G. Andreoli, G. and B. Hosgood. 1995. 
Investigation o f leaf biochemistry by statistics. Remote Sens. Environ 54: 180-188.
Jiang, Y. Carrow, R.N. and R.R. Duncan. 2003. Correlation Analysis Procedures for 
Canopy Spectral Reflectance Data of Seashore Paspalum under Traffic Stress. J. Amer. 
Soc. Hort. Sci 128(3): 343-348.
Joel, G. Gamon, J.A. and C.B. Field. 1997. Production efficiency in sunflower: the role 
of water and nitrogen stress. Remote Sens. Environ 62: 176-188.
208
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Johnson, L.F. and C.R. Billow. 1996. Spectrometric estimation of total nitrogen 
concentration in Douglas-fir foliage. International Journal of Remote Sensing 17(3): 
489-500.
Jones, K.J. Las, L.T. and H.D. Shew. 1992. Infrared image analysis o f turf disease 
control experiments in North Carolina. Phytopathology 82(10): 1122.
Kenna, M.P. 1995. Detecting turf stress with remote sensing. Grounds maintenance 10: 
17-20.
Lawrence, R.L. and W.J. Ripple. 1998. Comparison among Vegetation Indices and 
Bandwise Regression in a Highly Disturbed, Heterogeneous Landscape: Mount St.
Helens, Washington. Remote Sens. Environ 64: 91-102.
Li, H. Lascano, R.J. Barnes, E.M. Booker, J. Wilson, T. Bronson, K.F. and E. Segarra. 
2001. Multispectral reflectance of cotton related to plant growth, soil water and texture, 
and site elevation. Agronomy Journal 93: 1327-1337.
Ma, B.L. Morrison, M. J. and L.M. Dwyer. 1996. Canopy light reflectance and field 
greenness to assess nitrogen fertilization and yield of maize. Agronomy Journal 88: 915- 
920.
Ma, B.L. Dwyer, L.M. Carlos Costa-Cober, E.R. and M.J. Morrison. 2001. Early 
prediction of soybean yield from canopy reflectance measurements. Agronomy Journal 
93: 1227-1234.
Maas, S. 1998. Estimating cotton canopy ground cover from remotely sensed scene 
reflectance. Agronomy Journal 90: 384-388.
Moran, M.S. Clarke, T.R. Inoue, Y. and A. Vidal. 1994. Estimating crop water deficit 
using the relation between surface-air temperature and spectral vegetation index. Remote 
Sens. Environ 49(3): 246-263.
Osborne, S.L. Schepers, J.S. Francis, D.D. and M R Schlemmer. 2002a. Detection of 
phosphorus and nitrogen deficiencies in com using spectral radiance measurements. 
Agronomy Joumal 94: 1215-1221.
Osbome, S.L. Schepers, J.S. Francis, D.D. and M.R. Schlemmer. 2002b. Use of spectral 
radiance to estimate in-season biomass and grain yield in nitrogen- and water-stressed 
com. Crop science 42: 165-171.
Pattey, E. Strachan, I B. Boisvert, J.B. Desjardins, R. L. and N.B. Mclaughlin. 2001. 
Detecting effects of nitrogen rate and weather on com growth using micrometeorological 
and hyperspectral reflectance measurements. Agricultural and forest meteorology 108:
85-99.
209
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Penuelas, J. Filella, I. Biel, C. Serrano, L. and R. Save. 1993. The reflectance at the 950- 
970 nm region as an indicator of plant water status. International Joumal of Remote 
Sensing 14(10); 1887-1905.
Penuelas, J. Gamon, J.A. Fredeen, A.L. Merino, J. and C.B. Field. 1994. Reflectance 
indices associated with physiological changes in nitrogen-and water-limited sunflower 
leaves. Remote Sens. Environ 48: 135-146.
Penuelas, J. Filella, I. and J. Gamon. 1995. Assessment of photosynthetic radiation-use 
efficiency with spectral reflectance. New Phytol 131: 291-296.
Penuelas, J. Filella, I. Serrano, L. and R. Save. 1996. Cell wall elasticity and Water 
Index (R970nm/R900nm) in wheat under different nitrogen availabilities. Intemational 
Joumal of Remote Sensing 17(2): 373-382.
Penuelas, J. Isla, R. Filella, I. and J.L. Araus. 1997a. Visible and near-inffared 
reflectance assessment of salinity effects on barley. Crop science 37: 198-202.
Penuelas, J. LLusia, J. Pinol, J and I. Filella. 1997b. Photochemical reflectance index 
and leaf photosynthetic radiation-use-efficiency assessment in Mediterranean trees. 
International Joumal of Remote Sensing 18(13): 2863-2868.
Penuelas, J. Pinol, J. Ogaya, R. and I. Filella. 1997c. Estimation of plant water 
concentration by the reflectance Water Index WI (R900/R970). Intemational Joumal of 
Remote Sensing 18(13): 2869-2875.
Penuelas, J. Filella, L. 1998. Visible and near-infrared reflectance techniques for 
diagnosing plant physiological status. Trends in plant science 3(4): 151-156.
Plant, R. Munk, D.S. Roberts, B.R. Vargas, R.L. Rains, D.W. Travis, R.L. and R.B. 
Hutmacher. 2000. Relationships between remotely sensed reflectance data and cotton 
growth and yield. Trans. ASAE. 43: 535-546.
Plummer, S.E. 1988. Exploring the relationship between leaf nitrogen content, biomass 
and near-infrared/red reflectance ratio. Intemational Joumal o f Remote Sensing 9(1): 
177-183.
Price, J.C. 1995. Examples of high resolution visible to near-infrared reflectance spectra 
and a standardized collection for remote sensing studies. Intemational Joumal of Remote 
Sensing 16(6): 993-1000.
Raun, W.R. Solie, J.B. Johnson, G V Stone, M L. Lukina, E.V. Thomason, W.E. and J. 
S. Schepers. 2001. In-Season Prediction of Potential Grain Yield in Winter Wheat Using 
Canopy Reflectance. Agronomy Joumal 93: 131-138.
210
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Richardson, A D Berlyn, G.P. and T.G Grégoire. 2001. Spectral reflectance ofPicea 
Rubens (Pinaceae) and Abies Balsamea (Pinaceae) needles along an elevational gradient, 
MT. Moosilauke, New Hampshire, USA. American Joumal of Botany 88(4): 667-676.
Rodriguez, I.R. and G.L. Miller. 2000. Using near infrared reflectance spectroscopy to 
schedule nitrogen applications on dwarf-type bermudagrasses. Agronomy Joumal 92: 
423-427.
Rollin, E.M. and E.J. Milton, 1998. Processing of high spectral resolution reflectance 
data for the retrieval o f canopy water content information. Remote Sens. Environ 65:
86-92.
Schepers, J.S. Blackmer, T.M. Wilhelm, W.W. and M. Resende. 1996. Transmittance 
and reflectance measurements of com leaves from plant with different nitrogen an water 
supply. J. Plant Physiol 148: 523-529.
Sembiring, H. Raun, W.R. Johnson, GV. Stone, M.L. Solie, J.B. and S B. Philips. 1998. 
Detection of nitrogen and phosphoms nutrient status in winter wheat using spectral 
radiance. Joumal of Plant Nutrition 21(16): 207-1233.
Serrano, L. Filella, I. and J. Penuelas. 2000. Remote sensing of biomass and yield of 
winter wheat under different nitrogen supplies. Crop science 40: 723-731.
Sims, D A  and J.A. Gamon. 2003. Estimation of vegetation water content and 
photosynthetic tissue area from spectral reflectance: a comparison of indices based on 
liquid water and chlorophyll absorption features. Remote Sens. Environ 84: 526-537.
Steven, M.D. Malthus, T.J. Demetriades-Shah, Danson, F.M. and J.A. Clark. 1991. 
High-spectral resolution indices for crop stress. Spectral indices for crop stress: 209- 
227.
Stone, M.L. Solie, J.B. Raun, W.R. Whitney, R.W. Taylor, S.L. and J.D. Ringer. 1996. 
Use of spectral radiance for correcting in-season fertilizer nitrogen deficiencies in winter 
wheat. American society of agricultural engineers 39(5): 1623-1631.
Stone, M L. Raun, W.R. Johnson, G.V. Solie, J.B. Whitney, R W Sembiring, H. Lamffa, 
J M. and E.V. Lukina. 1997. Sensing nitrogen deficiencies in winter wheat and 
bermudagrass. Better Crops 81(4): 15-19.
Stroup, J.A. Sanderson, M.A. Muir, J.P. Mcfarland, M.J. and R.L. Reed. 2003. 
Comparison of growth and performance in upland and lowland switchgrass types to water 
and nitrogen stress. Bioresource Technology 86: 65-72.
Stylinski, C D  Gamon, J.A. and W.C. Oechel. 2002. Seasonal pattems of reflectance 
indices, carotenoid pigments and photosynthesis of evergreen chaparral species. 
Oecologia: 1-17.
211
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thenkabail, P.S. Smith, R.B. and E. De Pauw. 2000. Hyperspectral vegetation indices 
and their relationships with agricultural crop characteristics. Remote Sens. Environ 
71(2): 158-182.
Thirkawala, S. Weersink, A. Kachanoski, G. and G. Fox. 1999. Economic feasibility of 
variable rate technology for nitrogen on com. American Joumal of Agricultural 
Economics 81: 914-927.
Thomas, J R. and G.F. Oerther. 1972. Estimating nitrogen content of sweet pepper 
leaves by reflectance measurements. Agronomy Joumal 64: 11-13.
Trenholm, L.E. Carrow, R.N. and R.R. Duncan. 1999a. Relationship of multispectral 
radiometry data to quantitative data in turfgrass research. Crop science 39: 763-769.
Trenholm, L.E. Duncan, R.R. and R.N. Carrow. 1999b. Wear tolerance, shoot 
performance, and spectral reflectance o f seashore paspalum and bermudagrass. Crop 
science 39: 1147-1152.
Trenholm, L.E. Schlossberg, M.J. Lee, G. and W. Parks. 2000. An evaluation of multi­
spectral responses on selected turfgrass species. Intemational Joumal o f Remote Sensing 
21(4): 709-721.
Vouillot, M O Huet, P.H. and P. Boissard. 1998. Early detection of N deficiency in a 
wheat crop using physiological and radiometric methods. Agronomie 18: 117-130.
White, J.D. Trotter, C M Brown L.J. and N. Scott. 2000. Nitrogen concentration in 
New Zeland vegetation foliage derived from laboratory and field spectrometry. 
Intemational Joumal of Remote Sensing 21(12): 2525-2531.
Yoder, B.J. and R.H. Waring. 1994. The normalized difference vegetation index of 
small Douglas-fir canopies with varying chlorophyll concentrations. Remote Sens. 
Environ 49: 81-91.
Yoder, B.J. and R E. Pettigrew-Crosby. 1995. Predicting nitrogen and chlorophyll 
content and concentrations from reflectance spectra (400-2500 nm) at leaf and canopy 
scales. Remote Sens. Environ 53: 199-211.
212
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Graduate College 
University of Nevada, Las Vegas
Malika Baghzouz
Local Address:
4185 S. Paradise R d#  2186 
Las Vegas, Nevada 89109
Home Address:
Cité la Montagne, Bloc: C-2-4 
Bourouba, Algiers 16230-Algeria
Degrees:
Bachelor of Engineering, Agricultural Sciences, 1997 
National Institute of Agronomy (I.N. A), Algiers
Thesis Title: Speçfral Analysis o f Hybrid Bermudagrass Placed Under Various 
Combinations of Nitrogen and Water Availability
Thesis Committee:
Chairperson: Dr. Dale Devitt, Ph. D.
Committee Member: Dr Dawn Neuman, Ph. D.
Committee Member: Dr. Paul Schulte, Ph. D.
Graduate Faculty Representative: Dr. David Kreamer, Ph. D.
213
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
